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ABSTRACT 
The  nonrecoverable  (plastic)  torsional  strain  of  AIS1 304L corrosion- 
resistant  steel,  Owens-Illinois  CER-VIT 101, Corning  fused  silica 7940, 
and  Corning ULE fused  silica 7971 was  experimentally  determined  as  a 
function  of  applied  torsional  stress.  Stress  and  strain  ranges  of 200 
to 10,000 psi and 0.0005 to 2 microinches  per  inch,,respectively,  were 
recorded.  Significant  differences  between  as-machined  and  annealed 
specimens  were  observed.  Information  obtained  from  this  program  is  to 
be  applied  in  the  design  and  manufacture  of  large  diffraction  limited 
optics. 
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SHEAR  STRAIN  PROPERTIES  TO 10”O 
OF SELECTED  OPTICAL  MATERIALS 
By William A. Eul and W. William Woods 
The Boeing Company 
1 .O SUMMARY 
The r e s u l t s  o f  a research  program con9ucted  over  the  per iod  f rom Augus t  
1967  to  March  1968  unde r  the  mic ros t r a in  po r t ion  o f  eon t r ac t  NAS 1-7627, 
I n v e s t i g a t i o n  of t h e  E f f e c t s  of Low Energy Protons on Specular  Reflec-  
t ance  o f  Sur faces  fo r  Space  Mi r ro r s ,  are p r e s e n t e d  i n  t h i s  i n t e r m e d i a t e  
r e p o r t .  
The o v e r a l l  o b j e c t i v e  of the  program w a s  t o  d e t e r m i n e  t h e  n o n r e c o v e r a b l e  
d e f o r m a t i o n  o f  c a n d i d a t e  t e l e s c o p e  m i r r o r  m a t e r i ’ a l s  a f t e r  a p p l i c a t i o n  
a n d   r e l e a s e   o f   s h o r t  term t o r s i o n a l  s h e a r  stresses. V i s c o e l a s t i c  s t r a i n  
r e c o v e r y  c h a r a c t e r i s t i c s  were measured and ar ,e  presented along with the 
n o n r e c o v e r a b l e  s t r a i n - v e r s u s - a p p l i e d - s t r e s s  d a t a .  
Microstrain measurements  of  heat- t reated specimens yielded precise, con- 
s i s t e n t  c u r v e s  o f  n o n r e c o v e r a b l e  s t r a i n  v e r s u s  stress. V i s c o e l a s t i c  
decay  p roceeded  r ap id ly ,  a l lowing  t e s t ing  to  be  comple t ed  in  r easonab le  
t i m e  i n t e r v a l s .  The  as-machined  specimens, by comparison, were g r o s s l y  
i n c o n s i s t e n t  i n  t h e i r  n o n r e c o v e r a b l e  s t r a i n  c h a r a c t e r i s t i c s  a n d  had 
v i s c o e l a s t i c  d e c a y  p a r a m e t e r s  of much l a r g e r  m a g n i t u d e ,  r e q u i r i n g  l o n g  
o b s e r v a t i o n  t i m e  to   ach ieve   reasonable   measurements .  The one   except ion  
t o  t h i s  w a s  CER-VIT 101, w h i c h  e x h i b i t e d  i d e n t i c a l ,  c o n s i s t e n t  b e h a v l o r  
b o t h  b e f o r e  a n d  a f t e r  h e a t  t r e a t m e n t .  
The v i s c o e l a s t i c  r e c o v e r y  c h a r a c t e r i s t i c  i s  n o t  r e a d i l y  r e p r e s e n t e d  b y  
a f i r s t  o r d e r  s y s t e m ,  w h e r e i n  t h e  m o t i o n  is descr ibed  by  a t i m e  exponent 
of a c o n s t a n t  s u c h  as the   Nape r i an   base   ( e ) .  The decay i s ,  however, 
c l o s e l y  r e p r e s e n t e d  b y  a constant   negat ive  exponent   of  t i m e .  The  ex- 
p o n e n t  d i f f e r s  w i t h  t h e  m a t e r i a l  a n d ,  i n  some materials, w i t h  h i s t o r y  
and  environment. 
The r e l a t i o n s h i p  b e t w e e n  stress a n d  n o n r e c o v e r a b l e  s t r a i n  a p p e a r s  t o  b e  
a power l a w  c h a r a c t e r i s t i c  f o r  t h e  materials s t u d i e d ,  o v e r  t h e  r a n g e  o f  
s t r a i n   f r o m   t o  less t h a n   T h i s  i m p l i e s  t h a t   t h e r e  i s  no  ob- 
s e r v a b l e  t h r e s h o l d  e f f e c t  b u t  t h a t  a permanent off set , however small, 
r e s u l t s  f r o m  a n y  a p p l i e d  stress. 
2 .O INTRODUCTION 
The purpose  of  th i s  program is t o  s t u d y  t h e  m i c r o s t r a i n  c h a r a c t e r i s t i c s  
o f  cand ida te  materials f o r  t e l e s c o p e  m i r r o r  s u b s t r a t e s  f o r  s p a c e  a p p l i -  
c a t i o n .  L a r g e  d i f f r a c t i o n - l i m i t e d  s p a c e  o p t i c s  s u c h  as a manned o r b i t a l  
t e l e s c o p e  (MOT) r e q u i r e  s t r u c t u r a l  d e f l e c t i o n  s t a b i l i t i e s  o f  10-8. A 
tho rough  unde r s t and ing  o f  cand ida te  mi r ro r  subs t r a t e  materials is essen-  
t i a l ,  o t h e r w i s e  a n  e f f e c t i v e  s p a c e  m i r r o r  s y s t e m  w i l l  n o t  b e  a t t a i n a b l e .  
The ob jec t  o f  t h i s  p rogram i s  t o  d e t e r m i n e  t h e  amount  of  permanent  de- 
f o r m a t i o n  t h a t  w i l l  o c c u r  i n  t y p i c a l  m i r r o r  s u b s t r a t e s  a f t e r  t h e y  are 
sub jec t ed   t o   va r ious   amoun t s   o f  stress. I n  a d d i t i o n ,  t h e  t r a n s i e n t  c h a r -  
acter is t ic  o f  t h e  e l a s t i c  p o r t i o n  o f  t h e  s t r a i n  r e t u r n ,  f o l l o w i n g  stress 
removal, is ana lyzed   and   repor ted .  It i s  a n t i c i p a t e d   t h a t   t h e   n o n r e c o v -  
e r a b l e  s t r a i n  c h a r a c t e r i s t i c s  o f  t h e  materials i n v e s t i g a t e d  may b e  a key 
f a c t o r  i n  t h e  s e l e c t i o n  o f  l a r g e - m i r r o r  s u b s t r a t e s  f o r  s p a c e  t e l e s c o p e  
u s e .   I n   t h i s   p r o g r a m ,   t h e   s h o r t - t e r m   m i c r o s t r a i n   c h a r a c t e r i s t i c s  are 
measured  on two types  o f  fused  s i l i c a ,  a d e v i t r i f i e d  g l a s s  (CER-VIT), and 
304L c o r r o s i o n  r e s i s t a n t  s teel .  
I n   t h e   p a s t ,   t e n s i l e   y i e l d   m e a s u r e m e n t s   o f   1 0   h a v e   b e e n   t y p i c a l .   T h i s  
h a s  b e e n  e x t e n d e d  r e c e n t l y  t o  a measurement  range  of  10-6  strain.  A t  
t h i s  p o i n t ,  severe t h e r m a l  s t a b i l i t y  p r o b l e m s  are e n c o u n t e r e d  i f  a ten-  
s i l e  measurement  technique i s  used.  To make measurements  below  10-6, 
some method fo r  r educ ing  the  e f f ec t s  o f  t empera tu re  change  is mandatory. 
A s p e c i a l  a p p a r a t u s  b a s e d  upon a t o r s i o n a l  s h e a r  p r i n c i p l e ,  c a p a b l e  o f  
m e a s u r i n g   n o n r e c o v e r a b l e   s t r a i n   i n  t h e   r e g i o n   o f  h a s   b e e n   f a b r i -  
ca t ed .   Th i s  is t h e   p r i n c i p a l   m e t h o d   f o r   a l l e v i a t i n g   t h e r m a l   p r o b l e m s .  
The  thermal  expans ion  of  an  uns t ressed  spec imen in  thermal  equi l ibr ium 
w i l l  n o t  a l t e r  the  shea r  d i sp l acemen t  o f  t he  spec imen .  
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A n g u l a r  d i f f e r e n c e s  ( s h e a r )  r a t h e r  t h a n  l i n e a r  d i f f e r e n c e s  ( t e n s i l e  s t r a i n )  
are m e a s u r e d ,  t h u s  a l l o w i n g  t h e  u s e  o f  e x t r e m e l y  p r e c i s e  m e n s u r a t i o n  t e c h -  
n iques .  The present   program i s  d e s i g n e d   t o   p r o v i d e   s h o r t - t e r m   l o a d i n g ,  
which i s  t h e n  r e l e a s e d  t o  d e t e r m i n e  t h e  v i s c o e l a s t i c  a n d  n o n r e c o v e r a b l e  
s t r a i n .  
3.0 TEST SPECIMENS 
The tes t  specimens,  as p o r t r a y e d  i n  f i g u r e s  1 and 2 ,  have a conven t iona l  
t o r s i o n  tes t  c o n f i g u r a t i o n  w i t h  a c e n t r a l ,  l o w - r i g i d i t y  tes t  r e g i o n ,  
shou lde r s  fo r  a t t ach ing  the  ex tensomete r ,  and  mechan ica l ly  rugged  end  
s e c t i o n s   f o r   s u p p o r t   a n d   a t t a c h m e n t  of t he   l oad ing   sys t em.  A l l  specimens 
were made e s s e n t i a l l y  i d e n t i c a l  w i t h  t h e  e x c e p t i o n  o f  t h e  test  s e c t i o n  
diameter ,  which was a d j u s t e d  f o r  e a c h  material t o  a c h i e v e  a g iven  to r -  
s i o n a l  r i g i d i t y .  T h i s  a l l o w e d  t h e  optimum  compromise  between  torque 
and maximum angular   d i sp lacement  limits o f   t h e  tes t  apparatus.   Specimen 
materials, publ i shed  modul i ,  and  test  s e c t i o n  d i a m e t e r s  are l i s t e d  i n  
Tab le  I. Criteria f o r   e s t a b l i s h i n g  test  s e c t i o n   d i a m e t e r s  are set  f o r t h  
i n  Appendix A. The   mic ros t r a in   s ample   p rocuremen t   spec i f i ca t ion ,  manu- 
f a c t u r e r ' s  s p e c i f i c a t i o n s ,  a n d / o r  s t a n d a r d s  are set  f o r t h  i n  Appendix B. 
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4.0 MICROSTRAIN TESTING EQUIPMENT 
The t e s t ing   equ ipmen t  is comprised  of   four   major   e lements:   extensometer ,  
l oad ing  sys t em,  the rma l  con t ro l  sys t em,  and  s igna l  cond i t ion ing  and  re- 
cord ing  s y s  tern. 
4 .1  EXTENSOMETER 
The  extensometer  is the   mos t  c r i t i ca l  e l emen t   o f   t h i s   sys t em.  It must 
p o s s e s s  m e c h a n i c a l  s t a b i l i t y  a n d  t r a n s d u c t i o n  s e n s i t i v i t y  b e t t e r  t h a n  
t h e  level t o  which  measurements are t o  b e  made. It m u s t  a l s o ,  i n  a 
t y p i c a l  i n d u s t r i a l  e n v i r o n m e n t ,  p r o v i d e  d i s c r i m i n a t i o n  a g a i n s t  s t e a d y  
state seismic d i s t u r b a n c e s  o f  l a r g e  m a g n i t u d e  i n  c o m p a r i s o n  t o  t h e  d i s -  
p l acemen t s   t o   be   measu red .  It must  employ  transduction  elements  which 
d i s c r i m i n a t e  a g a i n s t  u n d e s i r e d  m e c h a n i c a l  s i g n a l s  a n d  w h o s e  o u t p u t  i s  
c a p a b l e  o f  b e i n g  f i l t e r e d  t o  f u r t h e r  r e d u c e  seismic noise .   These  ob- 
jectives h a v e  b e e n  s a t i s f a c t o r i l y  m e t  f o r  t h i s  t e s t i n g  p r o g r a m  b y  t h e  
des ign  shown i n  f i g u r e s  3 and 4 .  
Cup-shaped a s sembl i e s  are a t t a c h e d  t o  e a c h  s h o u l d e r  o f  t h e  tes t  s p e c i -  
men ( f i g u r e  5 ) .  R e l a t i v e   r o t a t i o n   o f   t h e   s p e c i m e n   s h o u l d e r s  i s  t r a n s -  
m i t t e d  v i a  t h e  c u p s  t o  f o u r  s y m m e t r i c a l l y  m o u n t e d  d i f f e r e n t i a l  t r a n s f o r m -  
ers ( f i g u r e  6 ) .  The ceramic co i l   fo rms   o f   t he   t r ans fo rmers  are mounted 
to  the  uppe r  cup ,  and  the  magne t i c  co res  are mounted t o  t h e  l o w e r  c u p .  
In  ope ra t ion ,  t he  uppe r  end  o f  t he  spec imen  is  mounted t o  a r i g i d  frame- 
work ,   t hus   e s sen t i a l ly   f i x ing   t he   uppe r   cup .  The lower  end  of   the  spec-  
imen and the at tached lower :up are f r e e  o f  r e s t r a i n t  e x c e p t  f o r  t h e  
v iscous  dampers  ( f igure  7) during measurement , w i t h  no encumbering wires.  
F o r c e s  e x e r t e d  b y  t h e  t r a n s f o r m e r  s i g n a l  l e a d s  a t t a c h e d  t o  t h e  u p p e r  e x -  
tensometer  cup  do  not  apprec iab ly  a f fec t  the  measurements .  
The d i f f e r e n t i a l  t r a n s f o r m e r s  , which are commerc ia l ly  ava i l ab le  un i t s  , 
have a l i n e a r  r a n g e  o f  2 1 . 3  X 10-4 m. T h e r m a l  a n d  s t r u c t u r a l  s t a b i l i t y  
o f  t he  t r ans fo rmers  i s  a t t a i n e d  by the  use  o f  g rade  A l a v a  f o r  t h e  bob- 
b i n s .  The d i f f e r e n t i a l   t r a n s f o r m e r s  were s e l e c t e d   f o r  optimum  matching 
o f   s e n s i t i v i t y .   R e s i d u a l   m i s m a t c h ,  as observed  by  (simultaneous)  tandem 
d i f f e r e n t i a l  o p e r a t i o n ,  w a s  co r rec t ed  by  shun t  L-R padding  across  the  
p r imary   w ind ings .   The   r e s i s t ance - induc tance   r a t io s  were chosen t o  match 
those   o f   the   t ransformer   p r imar ies .   This   matching   procedure   min imizes  
unwanted l i n e a r   m o t i o n   s e n s i t i v i t y   i n   t h e   e x t e n s o m e t e r .   T r a n s f o r m e r  
c o r e s  are mounted on threaded rods of  A I S 1  No. 3 0 3  c o r r o s i o n  r e s i s t a n t  
s t ee l ,  which is nonmagnet ic ,   and  has   high e lec t r ica l  r e s i s t i v i t y .  O t h e r  
t h a n  t h e s e  r o d s ,  a l l  metal p a r t s  i n  t h e  t r a n s f o r m e r  v i c i n i t y  t h a t  c o u l d  
cause  unwanted  eddy  current   coupl ing are e l i m i n a t e d .   I n i t i a l l y ,   t h e   c o r e  
s u p p o r t  r o d s  w e r e  f a b r i c a t e d  f r o m  b o r o n  n i t r i d e ,  b u t  t h e s e  were cons is -  
t en t ly   des t royed   upon   spec imen   f r ac tu re .  N o  o v e r l y   a d v e r s e   e f f e c t s  
upon s u b s t i t u t i o n  o f  t h e  s tee l  rods  were noted.   Firm  mounting  of   the 
co re  and  co i l  fo rm suppor t s  w a s  f o u n d  t o  b e  n e c e s s a r y  t o  a v o i d  l o s s  o f  
z e r o  r e f e r e n c e  d u r i n g  l o a d i n g ,  as c l e a r a n c e s  t e n d  t o  b e  small du r ing  
load ing .  
Materials employed i n  t h e  e x t e n s o m e t e r  c u p s  are b r a s s  a n d  g r a d e  A lava. 
The b r a s s  cups w e r e  s e l e c t e d  i n i t i a l l y  f o r  s t r e n g t h ,  l a c k  o f  m a g n e t i s m ,  
3 
and  mach inab i l i t y .  S t r eng th  w a s  needed  because  the  method of  fas ten ing  
to  the  spec imen  shou lde r  r equ i r ed  the  use  o f  two  mechan ica l  c l amps .  
Clamping proved undesirable from a f r a g i l i t y  s t a n d p o i n t  w i t h  t h e  g l a s s y  
materials, and was e v e n t u a l l y  d i s c a r d e d  i n  f a v o r  o f  c e m e n t i n g  w i t h  dop- 
p ing  wax. The lava was employed i n i t i a l l y  i n  t h e  u n f i r e d  s ta te ,  and w a s  
f i r e d  l a te r .  No e s s e n t i a l  d i f f e r e n c e  i n  o p e r a t i o n  was noted  between 
g r e e n  a n d  f i r e d  c o n d i t i o n ,  e x c e p t  t h a t  t h e  f i r i n g  c a u s e d  a p p r e c i a b l e  
permanent dimensional change. 
Damping of  ex tensometer  mot ion ,  found to  be  necessary  to  reduce  mechani -  
cal  a m p l i f i c a t i o n  o f  seismic f l o o r  m o t i o n ,  i s  provided  by  two f l a t  p a d d l e s  
suspended from the lower extensometer cup assembly and immersed i n  s i l i -  
cone o i l   o f   app rox ima te ly   15 ,000   cen t i s tokes .   Th i s   ove rdamps   t he   sys t em 
a p p r e c i a b l y ,  b u t  t h e  r e s u l t i n g  t i m e  cons tan t  does  not  exceed  2 seconds.  
This  time c o n s t a n t  i s  s h o r t  e n o u g h  t o  a v o i d  i n t e r f e r e n c e  w i t h  v i s c o e l a s -  
t i c  decay measurements. 
4 .2  LOADING SYSTEM 
The l o a d i n g  s h a f t s  a t  the  ends  of  the  spec imen are g r i p p e d  i n  c o l l e t -  
type  c lamps  ( f igure  5)   which  support   and  load  the  specimen.   The  upper  
clamp i s  b o l t e d  d i r e c t l y  t o  t h e  tes t  assembly   f rame  ( f igure  4 ) .  The 
lower clamp is engaged by a spl ine mounted on a u n i v e r s a l  j o i n t  coup- 
l e r ,  which i n  t u r n  i s  dr iven  by  a l e v e r - t y p e  s t r a i n - g a g e  l o a d  c e l l ,  an 
e c c e n t r i c ,  a r igh t  ang le  r educ ing  gea r  box ,  and  a manual  crank,  a l l  i n  
series ( f i g u r e  8).  The l a r g e  amount   o f   backlash   p rovided   be tween  the  
sp l ine  and  the  lower  loading  c lamp assures  comple te  f reedom of  mot ion  
of   the   spec imen when i t  is  no t   be ing   l oaded .  The u n i v e r s a l  j o i n t  t e n d s  
t o  a l leviate  any  bending  forces  which  might  be  genera ted  dur ing  loading .  
The e c c e n t r i c  p r e v e n t s  t h e  l o a d  c e l l  f rom be ing  dr iven  aga ins t  mechani -  
cal  s t o p s  o f  t h e  l o a d i n g  s y s t e m .  The  double-worm gear   box  is s e l f -  
l ock ing ,   and   ho lds  a g i v e n   l o a d   w i t h o u t   a d d i t i o n a l   b r a k i n g .  I t  a l s o  
p r o v i d e s  t h e  r e q u i r e d  s e n s i t i v i t y  f o r  a p p l y i n g  t h e  v e r y  small angu la r  
d e f l e c t i o n s  i n v o l v e d  i n  t h e  l o w - s t r e s s  l o a d i n g  r a n g e s .  
4.3 THERMAL CONTROL 
Thermal  expans ion  and  cont rac t ion  of  the  spec imen and  ex tensometer  caused  
by  normal room ambient  temperature  changes and gradients  were found t o  
p roduce   i n to l e rab le   d r i f t   i n   t he   cou r se   o f   measu remen t s .   Accord ing ly ,  
a t h e r m a l  c o n t r o l  s y s t e m  w a s  a r r anged  to  min imize  t empera tu re  f luc tua -  
t i o n .  As shown i n  f i g u r e s  9 through 11 the  specimen  and  extensometer  
are housed i n  a t h r e e - l a y e r  set  o f  enc losu res .  
The f i r s t  o r  i n n e r  h a r d b o a r d  e n c l o s u r e  serves as a wind  screen  and  shor t -  
term t h e r m a l  f l u c t u a t i o n  f i l t e r .  A t h e r m i s t o r  b r i d g e  m o u n t e d  w i t h i n  
t h i s   e n c l o s u r e  i s  u s e d   t o   m o n i t o r   t e m p e r a t u r e   ( f i g u r e  7 ) .  Wi th in   the  
middle  or  second enc losure ,  which  is insu la t ed  wi th  po lys ty rene  foam,  
are a h e a t e r  a n d  c i r c u l a t i n g  f a n .  T e m p e r a t u r e  w i t h i n  t h i s  e n c l o s u r e  i s  
sensed by two t h e r m i s t o r  b r i d g e s  c o n n e c t e d  i n  a c losed  loop  sys t em 
through a carr ier  a m p l i f i e r ,  a n  o p e r a t i o n a l  a m p l i f i e r  i n t e g r a t o r ,  a n d  a 
p o w e r  a m p l i f i e r  t o  t h e  h e a t e r .  A l t h o u g h  t h i s  s y s t e m  p r o v i d e s  v e r y  c l o s e  
c o n t r o l  o f  a i r  t empera tu re  wi th in  the  second  enc losu re ,  t he rma l  l eakage  
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th rough the b a s e  p l a t e  and l o a d i n g  s u p p o r t  s t r u c t u r e  w a s  found t o  pro- 
d u c e  s e r i o u s  d i s t u r b a n c e s .  
The whole system w a s  t h e r e f o r e  h o u s e d  i n  a n  o u t e r  e n c l o s u r e  ( f i g u r e  11) 
w i t h  a s e p a r a t e  t h e r m i s t o r  b r i d g e - c a r r i e r  a m p l i f i e r - i n t e g r a t o r - h e a t e r  
f a n   c o n t r o l   l o o p   ( f i g u r e   1 0 ) .   T h i s   e x p e d i e n t   h a s   r e d u c e d   t h e r m a l l y   i n -  
d u c e d  i n s t a b i l i t y  t o  wha t   appea r s   t o   be   an   accep tab le  level. I n d i c a t e d  
t e m p e r a t u r e  s t a b i l i t y  w i t h i n  t h e  i n n e r  e n c l o s u r e  is approximate ly  O . O l 0 K  
’ a f t e r  a 24-hour soak t o  a c h i e v e  t h e r m a l  e q u i l i b r i u m .  
4.4 SIGNAL CONDITIONING AND RECORDING 
4.4.1 Extensometer  
An o v e r a l l  view o f  t h e  s i g n a l  c o n d i t i o n i n g  a n d  r e c o r d i n g  e q u i p m e n t  is 
shown i n  f i g u r e  11. A b lock  d i ag ram o f  the  sys t em is shown i n  f i g u r e  1 2 .  
The d i f f e r e n t i a l  t r a n s f o r m e r s  o f  t h e  e x t e n s o m e t e r  are i n d i v i d u a l l y  ad- 
j u s t e d  t o  n u l l  e a c h  t i m e  a new specimen i s  mounted. To f a c i l i t a t e  moni- 
t o r i n g  t h e  o u t p u t  o f  e a c h  t r a n s f o r m e r ,  a swi t ch  is p r o v i d e d  t h a t  s h o r t s  
o u t   t h r e e   o f   t h e   f o u r   t r a n s f o r m e r   s e c o n d a r i e s   i n   t u r n .  A f i f t h  s w i t c h  
p o s i t i o n  a l l o w s  summing o f  a l l  s e c o n d a r i e s  i n  series. The matching  pads 
f o r  t h e  p r i m a r i e s  are mounted i n  t h e  same chass i s  box  on  top  o f  t he  load -  
ing frame as shown i n  f i g u r e  9 a n d  s c h e m a t i c  f i g u r e  13. 
The summed s i g n a l  i s  p r o c e s s e d  b y  t h e  p r e a m p l i f i e r - c a l i b r a t o r  t o  p r o v i d e  
s t a b l e  r e f e r e n c e  a n d  o f f s e t  s i g n a l s ,  a d d e d  a.c. g a i n ,  a n d  p h a s e  s h i f t i n g  
t o  m a t c h  t h e  o u t p u t  p h a s e  w i t h  t h e  e x c i t a t i o n .  A schematic   diagram i s  
shown i n  f i g u r e  1 4 .  R e f e r e n c e  a n d  o f f s e t  s i g n a l s  are provided  by a 
se r i e s - in se r t ed  powdered - i ron  to ro ida l  co re  t r ans fo rmer  wh ich  i s  d r i v e n  
by  cu r ren t s  supp l i ed  f rom the  carrier e x c i t a t i o n  l i n e  t h r o u g h  a 10- turn  
h e l i p o t   a n d   p r e c i s i o n   d r o p p i n g   r e s i s t o r s .   P h a s e   s h i f t   o f   t h e  series 
t r ans fo rmer  i s  a d j u s t e d  t o  m a t c h  t h a t  of t h e  d i f f e r e n t i a l  t r a n s f o r m e r s  
by a r e s i s t i v e  s h u n t  a c r o s s  i t s  pr imary.  The secondary  winding i s  de- 
s i g n e d   t o   h a v e   v e r y   l o w   i n d u c t a n c e   f o r   m i n i m a l   c i r c u i t   l o a d i n g .  Magni- 
t u d e  o f  t h e  o f f s e t  o r  r e f e r e n c e  s i g n a l  t h u s  p r o v i d e d  i s  asce r t a ined  f rom 
t h e  c a l i b r a t o r  s w i t c h  a n d  p o t e n t i o m e t e r  d i a l  s e t t i n g s .  
The  series-summed s i g n a l  i s  ampl i f i ed  and  phase  sh i f t ed  by  the  ba t t e ry -  
powered t r a n s i s t o r   p r e a m p l i f i e r .   C a p a c i t y   o f   t h e  9 amp-hour mercury 
c e l l  i s  a d e q u a t e  f o r  6 months cont inuous operat ion with good gain sta- 
b i l i t y .  
The carrier a m p l i f i e r  w a s  chosen  fo r  i t s  s t a b i l i t y  as exper ienced  on  
past   programs.  A few m o d i f i c a t i o n s  w e r e ,  however ,   found  necessary  for  
s t a b i l i t y  improvement   o f   the   ex tensometer   channel .   The   ba lance   cont ro ls ,  
w h i c h  h a d  i n a d e q u a t e  s t a b i l i t y ,  were d e s e n s i t i z e d  b y  a f a c t o r  o f  10 by 
r a i s i n g  t h e  f i x e d  series impedance  element. A n o i s y  V-R t u b e  i n  t h e  
power  supply w a s  rep laced   by  a s t r i n g  o f  a v a l a n c h e  d i o d e s .  The o u t p u t  
r i n g  m o d u l a t o r  w a s  rep laced   by  a fu l l -wave  t r ans i s to r  chopper .  P r imary  
power t o  t h e  carrier a m p l i f i e r  was s t a b i l i z e d  by a l i n e  v o l t a g e  r e g u l a t o r .  
Ga in  va r i a t ions  in  the  ex tensomete r  channe l  f rom a f a u l t y  r h e o s t a t  were 
e l i m i n a t e d  b y  s h o r t i n g  t h e  r h e o s t a t  € o r  maximum gain .   Wi th   the  
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m o d i f i c a t i o n s  a n d  p r o v i s i o n s ,  t h e r e  is s t i l l  some cross  coupl ing  be tween 
channels ,   which  can  amount   to  an e q u i v a l e n t  5 x 10-10 s t r a i n .  I n  n o r m a l  
ope ra t ion ,  however ,  t he  s igna l s  on  the  o the r  channe l s  do  no t  va ry  and  
s i g n a l  s t a b i l i t y  is adequate .  
4.4.2 Load I n d i c a t o r  
The four-arm strain-gage lever l o a d  s e n s o r  ( f i g u r e s  8 and  12) i s  coupled 
d i r e c t l y  t o  t h e  s e c o n d  c h a n n e l  o f  t h e  c o m m e r c i a l  carrier a m p l i f i e r  w i t h -  
o u t  a d d i t i o n a l  s i g n a l  c o n d i t i o n i n g .  
4 .4 .3   Temperature   S nsors  
The  tempera ture  sensors  compr ise  res i s tance  br idges  wi th  thermis tor  
d i s c s  i n  two ac t ive  arms. Nominal r e s i s t a n c e   o f   t h e   t h e r m i s t o r  is  268 
ohms,  which is n e a r  optimum fo r   no rma l  carrier a m p l i f i e r  d e s i g n .  The 
s e n s o r  b r i d g e s  u t i l i z e  a 5 - w i r e  s u p p l y  c a b l e  t o  f a c i l i t a t e  i n s e r t i o n  of 
a r emote  ba l ance  o r  s e t -po in t  ne twork ,  as shown s c h e m a t i c a l l y  i n  f i g u r e  
15. The inne r   enc losu re   t empera tu re   mon i to r   and   t he   ou te r   enc losu re  
f eedback  senso r  are f e d  t h r o u g h  t h i s  b a l a n c e  n e t w o r k  t o  c h a n n e l s  3 and 4 
of   the   commerc ia l  carrier a m p l i f i e r   ( f i g u r e   1 2 ) .  The two middle   enclo-  
s u r e  f e e d b a c k  s e n s o r s  are c o n n e c t e d  t o  a s e p a r a t e  carrier a m p l i f i e r  em- 
p loy ing  similar f e a t u r e s  a n d  c o n s t r u c t e d  f o r  a previous program. 
4.4.4  Temperature   Control  
The o u t e r - e n c l o s u r e  t h e r m a l  c o n t r o l l e r  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  
1 6 .  B o t h  p r o p o r t i o n a l  a n d  i n t e g r a l  c o n t r o l  are p r o v i d e d   f o r  optimum 
damping  and minimum e r r o r .  The  power a m p l i f i e r  a n d  l o a d  d i s s i p a t i o n  are 
l u m p e d  t o g e t h e r  i n  o n e  f a n - c i r c u l a t e d  h e a t  s i n k ,  t h u s  u t i l i z i n g  a l l  t h e  
power fo r   hea t ing .   Tempera tu re  of  t h e  o u t e r  e n c l o s u r e  i s  r e g u l a t e d  a t  
302OK. 
The m i d d l e - e n c l o s u r e  t h e r m a l  c o n t r o l l e r  i s  similar t o  t h a t  of t h e  o u t e r  
e n c l o s u r e ,  e x c e p t  t h a t  t h e  power a m p l i f i e r  i s  a s i l i c o n  c o n t r o l l e d  r e c t i -  
f i e r  s w i t c h ,  a n d  is r a c k  m o u n t e d  e x t e r n a l  t o  t h e  e n c l o s u r e s .  A s  power 
d i s s i p a t i o n  of  t h i s  a m p l i f i e r  i s  m i n i m a l ,  e s s e n t i a l l y  a l l  t h e  power 
appea r s   i n   t he   l oad .   Tempera tu re   o f   t he   midd le   enc losu re  i s  r e g u l a t e d  
t o  305°K. 
4.4.5  Recording 
The r e c o r d i n g  o s c i l l o g r a p h  ( f i g u r e  l l ) ,  c h o s e n  f o r  i t s  s e n s i t i v i t y  and 
m u l t i c h a n n e l  c a p a b i l i t y ,  is norma l ly  supp l i ed  wi th  cha r t  speeds  f rom 
.006 t o  1 . 6  meters pe r   s econd .   Fo r   t h i s   p rog ram,   t he   cha r t   d r ive   mo to r  
s h a f t  w a s  coupled  to  an  ex terna l ly  mounted  10  rpm shaded  pole  gear  motor .  
Th i s  exped ien t  p rov ided  a r a n g e  o f  c h a r t  s p e e d s  f r o m  r o u g h l y  . 0 8  t o  1 8  
meters per  hour ,  which  i s  a d e q u a t e  f o r  t h e  p r e s e n t  i n v e s t i g a t i o n .  
L i f e  of  the mercury lamp as opera ted  f rom the  recorder  power  supply  is 
approximate ly  200 hours ,  determined by the power supply vol tage l i m i t  
of   about  30 v o l t s .  When t h e  lamp e x t i n g u i s h e s   f o r   a n y   r e a s o n ,  i t  must 
b e  r e s t a r t e d  m a n u a l l y .  T h i s  o p e r a t i o n  o n  a 24-hour pe r   day   r eco rd ing  
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s c h e d u l e  c a u s e s  i n t o l e r a b l e  d a t a  l o s s .  The  lamp w a s  t h e r e f o r e   c o u p l e d  
t o  a n  e x t e r n a l  a u t o m a t i c - r e s t a r t  l a b o r a t o r y  power supply matched t o  t h e  
lamp c h a r a c t e r i s t i c s  o v e r  t h e  v o l t a g e  r a n g e  o f  1 6  t o  45 v o l t s .  T h i s  
p rov ides  lamp l i f e   i n  excess o f  1 , 0 0 0  h o u r s ,  l i m i t e d  p r i m a r i l y  b y  a c c e p t -  
a b l e  r e c o r d i n g  trace wid ths  as i n f l u e n c e d  by f i r e b a l l  g r o w t h .  
Galvanometers  employed include three f luid damped and  two magnet ica l ly  
damped.  The f l u i d  damped ga lvanomete r s   ope ra t ed   d i r ec t ly   f rom  the  
carrier a m p l i f i e r  t o  r e c o r d  e x t e n s o m e t e r  o u t p u t ,  l o a d ,  a n d  t e m p e r a t u r e .  
The  magnet ica l ly  damped ( h i g h  s e n s i t i v i t y )  g a l v a n o m e t e r s  r e c o r d  e x t e n s o -  
meter output  and  t i m e  marks. 
T h e  e x t e n s o m e t e r  o u t p u t  c o n t a i n e d  s u f f i c i e n t  seismic v i b r a t i o n  s i g n a l  
t h a t  t h e  r e c o r d e d  trace w o u l d  b e  e s s e n t i a l l y  u s e l e s s .  The h i g h  s e n s i -  
t i v i t y  g a l v a n o m e t e r  s i g n a l ,  i n  p a r t i c u l a r ,  w a s  found t o  s w e e p  t h e  f u l l  
c h a r t  w i d t h  w i t h  a c h a r a c t e r i s t i c  f r e q u e n c y  o f  a p p r o x i m a t e l y  2 8  Hz. 
Accord ingly ,  a s i m p l e  l o w  p a s s  f i l t e r  ( f i g u r e  1 2 )  was f a b r i c a t e d  a n d  
i n s e r t e d  t o  r e d u c e  t h i s  s i g n a l  t o  a n  a c c e p t a b l e  l e v e l .  An a t t e n u a t o r  
pad w a s  a l s o  a d d e d  t o  t h e  h i g h  s e n s i t i v i t y  g a l v a n o m e t e r  t o  y i e l d  a s e n s i -  
t i v i t y  r a t i o  b e t w e e n  t h e  two  galvanometers  of 24 t o  1. The maximum ex- 
t e n s o m e t e r  t r a c e  s e n s i t i v i t y  t h u s  a f f o r d e d  w a s  about  4 x 10-9 s t r a i n  p e r  
c m  c h a r t  d e f l e c t i o n .  
5.0 CALIBRATION 
B e f o r e  t h e  s tar t  of  the program, the extensometer  and load c e l l  were cal- 
ib ra t ed   and   compared   aga ins t   f i xed  e lec t r ica l  re ferences .   These  elec- 
t r i c a l  r e f e r e n c e s  were t h e n  u t i l i z e d  f o r  s t a n d a r d i z a t i o n  t h r o u g h o u t  t h e  
program. 
The extensometer w a s  ca l ibra ted  by  mount ing  a m i r r o r  o n  t h e  f r e e  e n d  o f  
the  ex tensometer  and  observ ing  i t s  a n g u l a r  d e f l e c t i o n  w i t h  a n  o p t i c a l  
t o o l i n g   a u t o c o l l i m a t o r .  The   measured   def lec t ion  w a s  compared  with  the 
r e s i s t a n c e  r e q u i r e d  t o  r e t u r n  t h e  combined d i f f e r e n t i a l  t r a n s f o r m e r  s i g -  
n a l  t o  a n u l l ,  when i n s e r t e d  i n  series w i t h  t h e  carrier supply  and  the  
p r i m a r y  o f  t h e  c a l i b r a t i o n  t r a n s f o r m e r  ( d e s c r i b e d  i n  S e c t i o n  4 . 4 . 1 ) .  
T h e s e  r e s i s t a n c e  v a l u e s  a n d  t h e i r  scale e x t e n s i o n s  were then used as 
e x t e n s o m e t e r  d e f l e c t i o n  s t a n d a r d s .  
The l o a d  c e l l  w a s  c a l i b r a t e d  by  dead  weight  loading  of  the  lever arm. 
Tne loaded  ou tpu t  w a s  compared a g a i n s t  t h a t  f r o m  f i x e d  r e s i s t a n c e  s h u n t -  
ing   one  arm o f  t h e  b r i d g e .  T h e  v a l u e s  o f  r e s i s t a n c e  e m p l o y e d  i n  t h e  i n -  
t e r n a l  c a l i b r a t o r  o f  t h e  a m p l i f i e r  were compared  wi th  the  o r ig ina l  C a l i -  
b r a t i o n  r e s i s t o r  a n d  were t h e r e a f t e r  u s e d  as l o a d  s t a n d a r d s .  
6 .O OPERATING PROCEDURE 
6 . 1  SPECIMEN  INSTALLATION 
The extensometer  brass  cup is h e a t e d  w i t h  a n  electric hea t  gun  t o  t h e  
mel t ing  tempera ture  of  the  dop  cement  used ,  and  is c leaned  of  o ld  cement  
with  cot ton  swab.   Fresh  cement  is me l t ed   on to   t he   shou lde r  recess, and 
t h e  s p e c i m e n  e n d  i n s e r t e d  after a short   preheat .   Excess   cement   between 
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t h e  b r a s s  c u p  a n d  t h e  s p e c i m e n  l o a d i n g  e n d  s h a f t  is removed with a sharp-  
ened swab s t i c k ,  a n d  t h e  a s s e m b l y  a l l o w e d  t o  c o o l .  The o t h e r  b r a s s  c u p  
i s  s i m i l a r i l y  a p p l i e d ,  t a k i n g  care t o  a l i g n  t h e  s e c o n d  c u p  w i t h  t h e  f i r s t  
f o r  r o t a t i o n  a b o u t  t h e  s p e c i m e n  a x i s .  
The lava cups are assembled t o  t h e  b r a s s  c u p s  after adequate  cool ing  
has  t aken  p l ace .  The lava cups are a l i g n e d  t o  e a c h  o t h e r  w i t h  a f idu -  
c i a r y  mark i n d i c a t i n g  optimum p o s i t i o n  f o r  d i f f e r e n t i a l  t r a n s f o r m e r  
p l acemen t .   Load ing   co l l e t s  are a t t a c h e d  t o  t h e  e n d  s h a f t s  a n d  t h e  ex- 
t e n s o m e t e r  p l a c e d  i n  t h e  l o a d i n g  f r a m e .  Care mus t   be   t aken   du r ing   t h i s  
p rocedure  to  min imize  stresses to  the  spec imen ,  wh ich  avo ids  in t roduc -  
t i o n  o f  stress h i s t o r y  i n  t h e  tes t  s e c t i o n .  
Af te r  the  ex tensometer  and  spec imen are mounted t o  t h e  l o a d i n g  f r a m e ,  
the  lower  loading  assembly  is p o s i t i o n e d  c o a x i a l  w i t h  t h e  l o w e r  l o a d  
co l le t   and   dogged  down t o  t h e  b a s e  p l a t e .  A locking  c lamp i s  s l i d  up 
the  lower  loading  assembly  and  the  lower  co l le t ,  and  t igh tened  to  c lamp 
t h e   c o l l e t   t o   t h e   l o a d i n g   a s s e m b l y .   T h i s   p r e v e n t s   a p p l i c a t i o n   o f  ap- 
p r e c i a b l e   l o a d   t o   t h e   s p e c i m e n   i n   e n s u i n g   o p e r a t i o n s .  The  damper  pad- 
d l e s ,  d i f f e r e n t i a l  t r a n s f o r m e r s ,  a n d  c o r e  s u p p o r t s  are then  assembled 
t o   t h e   e x t e n s o m e t e r .  The   l ower   l oad ing   co l l e t  i s  checked   fo r   cen te r ing  
w i t h i n  t h e  b a c k l a s h  o f  t h e  c e n t e r - p o s i t i o n e d  l o a d i n g  s p l i n e ,  c e n t e r e d ,  
and   t i gh tened .   The   l oad ing   sp l ine  i s  r a i s e d   i n t o   p o s i t i o n .  A l l  ex ten-  
someter  channel  e l e c t r i c a l  z e r o  a d j u s t m e n t s  a n d  o f f s e t  c o n t r o l s  are 
set  t o   z e r o .  The locking  clamp is l o w e r e d ,   a n d   t h e   d i f f e r e n t i a l   t r a n s -  
f o r m e r  c o r e s  p o s i t i o n e d  f o r  v i s u a l  ve r t i ca l  and l a t e ra l  c l e a r a n c e  w i t h i n  
t h e   d i f f e r e n t i a l   t r a n s f o r m e r s .  A mic roscope   i l l umina to r   focused   a long  
t h e  c o r e  s u p p o r t  r o d  a l l o w s  good v i s u a l  s i g h t i n g  f r o m  t h e  t r a n s f o r m e r  
rear. C l e a r a n c e   f o r   l o a d i n g   o p e r a t i o n  i s  checked  by  moving  the  trans- 
former   ho lder   a long  i t s  t r a c k  a n d  o b s e r v i n g  a n y  i n t e r f e r e n c e .  I f  i n t e r -  
f e r e n c e  i s  no ted ,   ad jus tmen t s  are made,   and  c learance  rechecked.   After  
a l l  f o u r  t r a n s f o r m e r s  a r e  t h u s  a d j u s t e d ,  t h e  s e l e c t o r  s w i t c h  i s  set  t o  
m o n i t o r  t h e  f i r s t  t r a n s f o r m e r ,  a n d  t h e  t r a n s f o r m e r  i s  mechanically  ad- 
j u s t e d  f o r  n u l l  w i t h i n  a p p r o x i m a t e l y  2 seconds  of  arc as i n d i c a t e d  on 
t h e  carrier a m p l i f i e r  meter. The  extensometer i s  checked  for  freedom 
from i n t e r f e r e n c e  by  d i s tu rb ing  i t  w i t h  a l i g h t  f i n g e r  t o u c h  a n d  ob- 
s e r v i n g  r e t u r n  o f  meter i n d i c a t i o n  t o  t h e  same s e t t i n g .  I f  e x a c t  r e t u r n  
is n o t  n o t e d  o r  t h e  meter i n d i c a t e s  e x c e s s i v e  j i t t e r ,  c l e a r a n c e s  are 
aga in   rechecked .   This   p rocedure  is r e p e a t e d   f o r   t h e   o t h e r   t h r e e   t r a n s -  
formers .  When a l l  f o u r   t r a n s f o r m e r s  are ad jus t ed   and   t i gh tened  down 
s e c u r e l y ,  t h e  s e l e c t o r  s w i t c h  is set  t o  t h e  summation  posi t ion,   and  the 
remaining unbalance is removed w i t h  b a l a n c e  c o n t r o l s  o n  t h e  carrier amp- 
l i f ier .  The e n c l o s u r e s  are emplaced   and   t he   t he rma l   con t ro l s   ac t iva t ed .  
S e t  p o i n t s  are  r e a c h e d  o n  t h e  t h e r m a l  c o n t r o l l e r s  w i t h i n  a p p r o x i m a t e l y  
45 minutes .   Adequate   thermal   equi l ibra t ion ,   however ,   t akes   f rom 1 2  t o  
24  hours .   Recording  of   the  temperature   and  extensometer   output  i s  con- 
duc ted  a t  minimum cha r t   speed   du r ing   equ i l ib ra t ion .   Excur s ions   o f   ex -  
t e n s o m e t e r  o u t p u t s  o u t s i d e  t h e  r e c o r d i n g  r a n g e  are r ecen te red  by  the  
c a l i b r a t i o n - o f f s e t   c o n t r o l .   B e f o r e   t h e  s t a r t  of  a s t a n d a r d i z a t i o n   a n d  
measurement series,  t h e  c a l i b r a t i o n - o f f s e t  c o n t r o l s  are reset t o  z e r o ,  
and  the  trace recen te red  by  the  carrier a m p l i f i e r  z e r o - b a l a n c e  c o n t r o l s .  
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6.2 STANDARDIZATION 
Load  and d e f l e c t i o n  m e a s u r i n g  i n s t r u m e n t a t i o n  is s u b j e c t e d  t o  s t a n d a r d i -  
z a t i o n  p r o c e d u r e  a t  t h e  start of   every  series of  measurements.   For  each 
a t t e n u a t i o n  r a n g e  of  t h e  carrier a m p l i f i e r  ( 1 ,  2 ,  4 ,  8, 1 6 )  a n  a p p r o p r i a t e  
s t a n d a r d i z i n g  r e s i s t a n c e  o r  v o l t a g e  r a t i o  i s  i n t r o d u c e d  i n t o  t h e  s e n s o r  
c i r c u i t  t o  p r o d u c e  a combined up-and-down scale d e f l e c t i o n  o f  6 0 %  o f  t h e  
t o t a l  c h a r t  w i d t h  ( a p p r o x i m a t e l y  9 ou t   o f  15 cm) .  The a t t e n u a t i o n  r a n g e  
a n d   e q u i v a l e n t   c a l i b r a t i o n   v a l u e  is n o t e d   o n   t h e   c h a r t .   O r i g i n a l l y   t h i s  
procedure  w a s  c a r r i e d  o u t  f o r  b o t h  t h e  h i g h  a n d  l o w  s e n s i t i v i t y  e x t e n s o -  
meter trace, b u t  t h e  l o w  s e n s i t i v i t y  trace w a s  found  to  be  se ldom used  
i n  d a t a  r e d u c t i o n ,  a n d  g e n e r a l l y  i s  n o  l o n g e r  s u b j e c t e d  t o  s t a n d a r d i z a -  
t i o n .  S e n s i t i v i t y  r a t i o  b e t w e e n  h i g h  a n d  low traces h a s  b e e n  e s t a b l i s h e d  
a t  24.0. 
Day-to-day v a r i a t i o n  i n  s e n s i t i v i t y  h a s  b e e n  n o t e d  as f i v e  t o  f i f t e e n  
p a r t s  p e r  t h o u s a n d .  
6 .3  MEASUREMENT 
A t  t h e  s tar t  o f  eve ry  load ing ,  t he  cha r t  speed  i s  set  t o  1 . 9  cm p e r  
minu te ,   w i th  1 minute  t iming  marks.  The loading   c rank  i s  o p e r a t e d  u n t i l  
t h e   d e s i r e d   l o a d  i s  ind ica t ed   on   t he  carrier a m p l i f i e r  meter. A timer- 
alarm s e t  t o  5 minutes  i s  t u r n e d  o n ,  a n d  t h e  l o a d  a t t e n u a t o r  s e t t i n g  
no ted   on   t he   cha r t .  A t  t he  alarm s i g n a l ,   t h e   c r a n k  is a g a i n   o p e r a t e d   t o  
r e l e a s e  t h e  l o a d  a n d  c e n t e r  t h e  l o a d i n g  s p l i n e  w i t h i n  t h e  b a c k l a s h  r e g i o n .  
I f  t h e  h i g h  s e n s i t i v i t y  trace has  not  appeared  on  the  char t ,  the  ca l i -  
b r a t i o n - o f f s e t  p o t e n t i o m e t e r  a n d  s w i t c h  a r e  o p e r a t e d  t o  b r i n g  i t  on. 
A t t e n u a t o r ,  c a l i b r a t o r  s w i t c h ,  a n d  p o t e n t i o m e t e r  s e t t i n g s  are n o t e d - o n  
t h e  c h a r t .  When n e c e s s a r y  t o  k e e p  t h e  trace o n  t h e  c h a r t  , t h e  p o t e n t i o -  
meter i s  t h e r e a f t e r  reset and  the new s e t t i n g   n o t e d .   I f   t h e   o b s e r v a t i o n  
c o n t i n u e s  p a s t  30 m i n u t e s ,  c h a r t  s p e e d  i s  t h e n  s w i t c h e d  t o  4 . 8  mm p e r  
minute   wi th  5 minute  t i m e  marks .   Af te r  1 h o u r ,  a cha r t   speed   o f  7 . 7  cm 
pe r   hour   w i th  15 minute  time marks i s  e m p l o y e d .   O b s e r v a t i o n   i n t e r v a l   f o r  
a g iven  load  r ecove ry  depends  upon  the  r ecove ry  r a t e  and  ope ra to r  pa t i ence  
as tempered   by   pas t   exper ience   wi th   da ta   reduct ion   requi rements .   Obser -  
v a t i o n  p e r i o d  p e r  l o a d i n g  v a r i e s  w i t h i n  t h e  limits of  10 m i n u t e s  t o  24 
hours .  A t  the   end   of   each   observa t ion   per iod ,   the   spec imen is loaded  
i n  t h e  o p p o s i t e  d i r e c t i o n  t o  a f a c t o r  o f  r o u g h l y  1 . 4  of  the  prev ious  load .  
T h i s  a l t e r n a t i n g  l o a d i n g  i n c r e m e n t  i s  r e p e a t e d  f o r  e a c h  s u c c e s s i v e  o b s e r -  
v a t i o n  u n t i l  t h e  d e f l e c t i o n  o r  l o a d  l i m i t  of  the  equipment i s  r eached ,  
t h e  s p e c i m e n  f r a c t u r e s ,  o r  a l o a d  j u s t  b e l o w  t h e  f r a c t u r e  l i m i t  of a 
p rev ious  similar specimen i s  reached .  The extensometer  and  specimen are 
then  removed f rom the  enc losures  and  ins ta l la t ion  of  another  spec imen 
i n i t i a t e d .  
7.0 DATA  REDUCTION 
Data r e d u c t i o n  i s  f a c i l i t a t e d  by a computer  program that  performs the 
l a r g e  amount  of  numerical  reduct ion required by ' the  measurement  opera-  
t i o n .  A pr in tout   o f   the   p rogram  deck  is reproduced  in   Appendix C. The 
program language ,  ca l led  BLITZ,  i s  p e c u l i a r  t o  B o e i n g ,  b u t  is similar 
enough t o  FORTRAN t h a t  l i t t l e  d i f f i c u l t y  s h o u l d  b e  e n c o u n t e r e d  i n  
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fo l lowing  i t  f o r  o n e  versed i n  t h e  l a t t e r  language .  A l i t e r a l  t r a n s l a -  
t i o n   t o  FORTRAN I V  is a l so  inc luded ,  bu t  has  no t  been  checked  and  may 
c o n t a i n  t r i v i a l  c o d i n g  e r r o r s .  
A s i d e  f r o m  t h e  t i t u l a r  i n f o r m a t i o n  s u c h  as tes t  data,  specimen number,  
and  phys ica l  in format ion  of  the  spec imen,  the inputs  to  the  program and 
i ts  o p e r a t i o n  are summarized i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  
7 . 1  DRIFT CANCELLATION 
S t r a i n s  i n d u c e d  i n t o  t h e  s p e c i m e n  p r i o r  t o  t h e  start o f  t e s t i n g  g e n e r a l l y  
w i l l  decay over  a long  time p e r i o d ,  r e s u l t i n g  i n  a n  a p p a r e n t  z e r o  d r i f t  
o f   t he   ex t ensomete r .   These   s t r a ins  may h a v e  b e e n  i n d u c e d  i n  t h e  f a b r i -  
c a t i o n  o f  t h e  s p e c i m e n ,  o r  f r o m  t h e  d i f f e r e n t i a l  e x p a n s i o n  o f  t h e  s p e c i -  
men shoulder and brass mounting cup during cooling from the cementing 
o p e r a t i o n .  The w a i t i n g   i n t e r v a l   f o r   t h e   e x p o n e n t i a l   d e c a y   t o   r e a c h   a n  
i n s i g n i f i c a n t  level  could   t ake   weeks   o r   months .  To speed  up t h e  t e s t i n g  
p rocedure  and  r educe  e r ro r s ,  t he  exponen t i a l  is de termined  and  the  re- 
s u l t i n g  e m p i r i c a l  a p p r o x i m a t i o n  is  sub t r ac t ed  f rom a l l  ensu ing  da ta .  
T h i s  r e q u i r e s  t h a t  t h e  time and  s lope  of  the  decay  curve  a t  two p o i n t s ,  
s a y  300 t o  800 m i n u t e s  a f t e r  s p e c i m e n  i n s t a l l a t i o n ,  b e  d e t e r m i n e d  a n d  
in se r t ed  in to  the  compute r  p rogram.  
7.2 STANDARDIZATION 
The s e n s i t i v i t y  o f  l o a d  a n d  e x t e n s o m e t e r  c h a n n e l s  i s  computed fo r  appro -  
p r i a t e  carr ier  a m p l i f i e r  a t t e n u a t i o n  s e t t i n g s .  Data n e c e s s a r y  f o r  t h i s  
computat ion are a t t e n u a t o r  s e t t i n g ,  c a l i b r a t o r  s e t t i n g ,  a n d  c h a r t  d e f l e c -  
t i on .   Ex tensomete r   r anges  are i d e n t i f i e d   i n   t h e   c o m p u t e r   p r o g r a m  as 1 
t o  1 6  on t h e  h i g h - s e n s i t i v i t y  trace and  101  to  116  on t h e  l o w - s e n s i t i -  
v i t y  trace. Load  ranges are i d e n t i f i e d  as 201 t o  216 ,   co r re spond ing   t o  
a t t e n u a t o r   s e t t i n g s   o f  1, 2 ,  4 ,  8 ,  a n d   1 6 .   S e n s i t i v i t y   o f   e a c h   i d e n t i -  
f i ed  channe l  and  r ange  i s  p r i n t e d  o u t  i n  stress o r  s t r a i n  u n i t s  p e r  
c h a r t   d i v i s i o n  ( 2 . 5  mm). L o a d i n g   e f f e c t   o f   t h e   e x t e n s o m e t e r   o f f s e t  
p o t e n t i o m e t e r  r e s i s t a n c e  on t h e  f i x e d  c a l i b r a t i o n  n e t w o r k  i s  computed 
and  compensated  for  in  the  computer  program. 
7 . 3  DECAY CURVE  EXTRAPOLATION 
When load  i s  r e l eased  f rom the  spec imen ,  t he  obse rved  de f l ec t ion  does  
no t   immedia t e ly   decay   t o  a f i x e d  o f f s e t .  The   decay   cont inues   for   an  
ex tended   per iod   of  t i m e .  De te rmina t ion   o f   a sympto te ,   o r   end   po in t   o f  
the   decay ,  i s  the  pr imary  object ive  of   the  measurement   program. A s  
shown i n  p l o t s  o f  i d e n t i c a l  d a t a  ( f i g u r e s  1 7 ,  18,  and 19), t h e  d e t e r -  
mina t ion  of  th i s  asymptote ,  which  is  t h e  n o n r e c o v e r a b l e  s t r a i n ,  f r o m  a 
l i n e a r  p l o t  i s  not   immedia te ly   obvious .  When p l o t t e d  on l o g / l o g   p a p e r ,  
however ,  t he  da t a  may b e  a d j u s t e d  t o  p r o d u c e  a s t r a i g h t  l i n e ,  as demon- 
s t r a t e d   i n   f i g u r e   2 0 .   T h i s   s t r a i g h t - l i n e   a p p r o x i m a t i o n ,   w h i c h   a p p e a r s  
t o  h o l d  o v e r  s e v e r a l  o r d e r s  o f  m a g n i t u d e  i n  time, i m p l i e s  t h a t  t h e  
a p p r o p r i a t e  e m p i r i c a l  r e p r e s e n t a t i o n  o f  t h e  o r i g i n a l  d a t a  i s  
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S t r a i n  = A + Ale-B In ( t )  
0 
o r  
S t r a i n  = A. + A l t  -B 
where A, is the  pe rmanen t  o r  nonrecove rab le  s t r a in ,  A 1  is t h e  
v i s c o e l a s t i c  s t r a i n  a t  t i m e  ( t  = 1) , and B is a f u n c t i o n  o f  
t h e  material and i ts  cond i t ion .  
P rev ious  mode l s  and  r ep resen ta t ions  o f  materials v i s c o e l a s t i c  b e h a v i o r  
have been based upon a l i n e a r  d e p e n d e n c e  o f  s t r a i n  u p o n  t h e  l o g a r i t h m  
o f  time. T h e  p r e s e n t  r e p r e s e n t a t i o n  a p p e a r s  t o  b e  u n i q u e  i n  i ts  accur-  
acy of  f i t   f o r  w ide - range  v i scoe la s t i c  da t a .  
The computer  program accepts  values  of  appropriate  t i m e ,  ex tensometer ,  
and   load   parameters .  It per forms  the   convers ion   to   meaningfu l  stress o r  
s t r a i n  v a l u e s ,  as w e l l  as t h e  a d j u s t i n g  o f  t h e  s t r a i n  d a t a  t o  s e p a r a t e  
t h e   n o n r e c o v e r a b l e   s t r a i n  (Ao) f rom  the  decay  curve.   Original   and ad- 
j u s t e d  d a t a  v a l u e s  are p r i n t e d  o u t  a n d  c o m p a r e d  w i t h  t h e  f i t t e d  e m p i r i c a l  
s t r a i g h t - l i n e  a p p r o x i m a t i o n  f o r  q u a l i t y  o f  f i t .  
7 . 4  RAPID DECAY VALUES 
Where the  decay  i s  r a p i d ,  as i n  l i g h t  l o a d i n g  o r  i n  materials of  low 
v i s c o e l a s t i c i t y ,   e x t r a p o l a t i o n  i s  no t   employed .   In s t ead ,   a f t e r  a s u i t -  
a b l e  o b s e r v a t i o n  p e r i o d ,  t h e  f i n a l  v a l u e s  are i n t r o d u c e d  i n  t h e  c o m p u t e r  
p r o g r a m  w i t h o u t  e x t r a p o l a t i o n  t o  y i e l d  stress a n d  n o n r e c o v e r a b l e  s t r a i n  
v a l u e s  d i r e c t l y .  
8.0 RESULTS 
8 . 1  DATA PRESENTATION 
The  computed  va lues  o f  nonrecove rab le  s t r a in  a re  p lo t t ed  ve r sus  stress 
on log j log   g raph   pape r   t o   p roduce  a smooth   curve   ( f igure  2 1 ) .  A l i n e  i s  
f i t t e d  by  in spec t ion  th rough  the  po in t s  and  the  s lope  ( N )  de te rmined .  
T h i s  s l o p e  is t h e  e x p o n e n t  o f  t h e  s t r e s s - s t r a i n  r e l a t i o n s h i p ,  as d i s -  
cussed  in  Appendix  D a n d  d e t e r m i n e s  t h e  c o r r e c t i o n  f a c t o r  t o  o b t a i n  ac- 
t u a l  o u t s i d e  f i b e r  p l a s t i c  s t r a i n .  The p l o t t e d  c u r v e  i s  m u l t i p l i e d  b y  
t h i s  f a c t o r  ((N + 3 ) / 4 )  t o  p r o d u c e  a new p a r a l l e l  c u r v e ,  w h i c h  is l a b e l e d  
t h e  n o n r e c o v e r a b l e  s t r a i n  a s y m p t o t e .  
The v i s c o e l a s t i c  ( o r  r e c o v e r a b l e )  s t r a i n  v a l u e s  c a l c u l a t e d  f r o m  t h e  em- 
p i r i c a l  r e p r e s e n t a t i o n  d i s c u s s e d  i n  S e c t i o n  7 .3  are added t o  t h i s  ad- 
j u s t e d  c u r v e  t o  y i e l d  s t r a i n  v a l u e s  a t  v a r i o u s  t i m e  increments  (one min- 
u t e ,  o n e  h o u r ,  e t c . ) .  
Overall r e s u l t s  o f  t h e  m i c r o s t r a i n  p r o g r a m  are p l o t t e d  i n  f i g u r e s  22 
through 24. T h e s e   c u r v e s   d e p i c t   t h e   n o n r e c o v e r a b l e   ( p l a s t i c )   s t r a i n   a n d  
t h e  v i s c o e l a s t i c  o f f s e t  f o r  v a r i o u s  t i m e  i n t e r v a l s  a t  a tempera ture  of 
305°K. 
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A summary o f  t he  spec imens  p repa red  and  t e s t ed  is p r e s e n t e d  i n  T a b l e  11. 
Problems  and   qua l i ty  of r e s u l t s  are a l s o   n o t e d .  The c h a r a c t e r i s t i c s  o f  
t h e  v a r i o u s  materials are d i s c u s s e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n s .  
8 .2  NONRECOVERABLE STRAIN 
N o n r e c o v e r a b l e  s t r a i n  v e r s u s  stress d a t a  were o b t a i n e d  o n  b o t h  h e a t  t r e a t e d  
( f i g u r e  22)  and  as-machined  (figure  23)  specimens.  Data from  as-machined 
304L c o r r o s i o n  r e s i s t a n t  steel p r o v e d  d i f f i c u l t  t o  o b t a i n  a n d  are no t  
p l o t t e d .  Data from  heat   t reated  and  as-machined CER-VIT a g r e e   c l o s e l y  
and  both are p r e s e n t e d  i n  f i g u r e  22b. Two spec imens   o f   hea t   t rea ted  304L 
c o r r o s i o n  r e s i s t a n t  s teel  were s u b j e c t e d  t o  somewhat d i f f e r e n t  tests,  as 
shown i n  f i g u r e  2 2 a .  Specimen 3 was s u b j e c t e d  t o  p r o g r e s s i v e  a l t e r n a t e  
l o a d i n g  as d i s c u s s e d  i n  S e c t i o n  6.3.  Specimen 2-2 w a s  g iven  a s i n g l e  
load  nea r  t he  maximum load at tempted on specimen 3 ,  fo r  compar i son  to  
t h e  a l t e r n a t e  l o a d i n g  tests. Subsequent  loads  on  specimen 2-2 were a l l  made 
i n  t h e  o p p o s i t e  d i r e c t i o n  t o  t h e  s i n g l e  l a r g e  l o a d ,  s t a r t i n g  a t  low l e v e l s  
a n d   i n c r e a s i n g   t o  levels g r e a t e r   t h a n - t h e   i n i t i a l   l o a d .  The d i f f e r e n c e  
i n  s l o p e  o f  t h e  two sets of  da ta  may b e  a t t r i b u t e d  t o  B a u s c h i n g e r  e f f e c t .  
T h e  r e a s o n  f o r  t h e  d i s p a r i t y  i n  m a g n i t u d e  i s  n o t  o b v i o u s ,  b u t  may b e  a f -  
f e c t e d  by material inhomogenei t ies  as sugges ted  by  sur face  imperfec t ions  
made v i s i b l e  by  hea t  t rea tment  as shown i n  f i g u r e  2 .  
Of t h e  t h r e e  CER-VIT specimens  (numbers 4 ,  5 , and  11) , the  da ta  f rom 
number 5 p r o v e d  e s s e n t i a l l y  u n u s a b l e  owing t o  i n t e r f e r e n c e  f r o m  s h o u l d e r  
cracks  induced  by  the  mechanical   c lamps.  Number 4 was f r a c t u r e d  i n  test-  
ing .  Number 11 was t e s t e d   b e f o r e   a n d   a f t e r   h e a t   t r e a t m e n t .  A s  shown i n  
f i g u r e  2 2 b ,  a l l  t h r e e  sets o f  v a l i d  d a t a  a g r e e  c l o s e l y ,  i n d i c a t i n g  good 
material  u n i f o r m i t y   a n d   s t a b i l i t y   o f   c h a r a c t e r i s t i c s .  A t e l ephone  con- 
v e r s a t i o n  w i t h  James Duncan of  Owens-I l l inois  Development  Center ,  Toledo,  
O h i o ,  r e v e a l e d  t h a t  t h e  material i s  no t  amenab le  to  annea l ing ,  a s  i t  i s  
c o m p l e t e l y  d e v i t r i f i e d  a n d  w i l l  r e v i t r i f y  b e f o r e  o t h e r  c h a n g e s  o c c u r .  
The h e a t  t r e a t m e n t  t o  w h i c h  t h e  p r e s e n t  material w a s  s u b j e c t e d  (810'K 
f o r  1 hour)  i s  s a f e l y  b e l o w  t h e  1 , 2 0 0 ' K  v i t r i f i c a t i o n  p o i n t .  
Two specimens  of  the  7940  fused s i l i c a  were t e s t e d  i n  t h e  h e a t  t r e a t e d  
c o n d i t i o n ,  t h e  r e s u l t s  of  which are p l o t t e d  i n  f i g u r e  22c.  The s i n g l e -  
stress performance of specimen 10-3 shows good conformity with that 
f r o m   t h e   a l t e r n a t i n g   l o a d s   o f   s p e c i m e n s  9 and   10-2 .   This   appears   to  
v a l i d a t e  t h e  a l t e r n a t i n g  l o a d  p r o c e d u r e .  
A series o f  acc iden t s  and  shor t age  o f  time r e s t r i c t e d  t h e  tests o f  h e a t  
t r e a t e d   7 9 7 1  ULE s i l i c a  t o  two runs  of  a s i n g l e   s p e c i m e n .   R e s u l t s   a r e  
p l o t t e d  i n  f i g u r e  22d. 
The  performance  of  as-machined  specimens  of 7940 a n d  7 9 7 1  s i l i c a s  b e f o r e  
h e a t   t r e a t m e n t  i s  p l o t t e d   i n   f i g u r e   2 3 .   T h e s e   d a t a  are s u f f i c i e n t l y  
e r r a t i c  t h a t  a s i n g l e   c u r v e  i s  n o t   r e p r e s e n t a t i v e .   I n s t e a d ,   a p p r o x i m a t e  
v a r i a t i o n  limits are indicated,  showing roughly one order  of  magni tude 
v a r i a t i o n   i n   n o n r e c o v e r a b l e   s t r a i n   m e a s u r e m e n t s .  The  mechanism  respon- 
s i b l e  f o r  t h i s  e r ra t ic  behav io r  i s  n o t  e v i d e n t .  I f  a s u r f a c e   c o n d i t i o n  
were respons ib le ,  compar ison  of  spec imens  wi th  d i f fe ren t  d iameters  should  
b e h a v e  d i f f e r e n t l y .  The  two tes ted  spec. imens  of  ULE 7971were   o f  
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d i f f e r i n g  d i a m e t e r s  s u c h  t h a t  o n e  h a d  twice t h e  t o r s i o n a l  s t i f f n e s s  I J ~ .  
t h e  o t h e r .  The p l o t t e d  d a t a  d o  n o t  i n d i c a t e  a p p r e c i a b l e  d i f f e r e n c e s .  
The 810°K heat  t rea tment  employed  on  the  s i l i c a s  has  been  ca tegor ized  
by  the  manufac tu re r  as i n s u f f i c i e n t  t o  c a u s e  m e a s u r a b l e  a n n e a l i n g  o f  
body s t r a i n s .  The  changes  produced are n o n e t h e l e s s   q u i t e   s t r i k i n g .  
A c o m p a r i s o n  p l o t  o f  n o n r e c o v e r a b l e  m i c r o s t r a i n  c h a r a c t e r i s t i c s  o f  all 
s t a b i l i z e d  materials t e s t e d  t h u s  far is shown i n  f i g u r e  24 .  The  curve 
shown f o r  b e r y l l i u m  is  from a p rev ious  inhouse  p rogram ( re fe rence  1 ) .  
O the r  t han  be ry l l i um,  a l l  t e s t e d  materials have rdughly comparable non- 
r e c o v e r a b l e  s t r a i n  c h a r a c t e r i s t i c s .  
The l i n e a r  r e l a t i o n s h i p  b e t w e e n  n o n r e c o v e r a b l e  stress and s t r a i n  o n  a 
l o g / l o g   p l o t   i m p l i e s  a power-law r e l a t i o n s h i p .  T h i s  i n  t u r n  i n d i c a t e s  
absence   o f  a s t r i c t l y  d e f i n e d  " p r o p o r t i o n a l  l i m i t . "  I n  o t h e r  w o r d s ,  
down t o  t h e  l i m t s  of measurement, a n o n r e c o v e r a b l e  s t r a i n  i s  induced by 
any appl ied load,  however  small. 
8.3 VISCOELASTIC DECAY 
The v i s c o e l a s t i c  d e c a y  c h a r a c t e r i s t i c s  o f  a l l  m a t e r i a l s  t e s t e d  a p p e a r  t o  
be  similar i n  t h a t  t h e y  may be  r ep resen ted  by  a s t r a i g h t  l i n e  p l o t  o n  
l o g / l o g   g r a p h   p a p e r .  A t y p i c a l   p l o t  i s  shown i n  f i g u r e  20. T h i s   i m p l i e s  
t h a t  t h e  d e c a y  f o l l o w s  t h e  f u n c t i o n  Y = A, + A l t - B  where Y is t h e  s t r a i n  
a t  a n y  p o i n t  i n  t i m e ,  A, i s  t h e  p e r m a n e n t ,  o r  n o n r e c o v e r a b l e  s t r a i n ,  A 1  
i s  t h e  v i s c o e l a s t i c  s t r a i n  a t  t i m e  ( t  = l), and B i s  a f u n c t i o n  o f  t h e  
m a t e r i a l  a n d  i t s  c o n d i t i o n .  
V i scoe la s t i c  pa rame te r s  o f  t he  va r ious  ma te r i a l s  were determined as a 
by -p roduc t   o f   t he   nonrecove rab le   s t r a in   ex t r apo la t ion   p rocedure .   These  
are l i s t e d  i n  T a b l e  111 as a func t ion   o f   l oad  stress. The e l a s t i c  s t r a i n  
under   load  i s  a l s o   l i s t e d   f o r   c o m p a r i s o n .  The parameter  AI ,  a s   i n d i c a t e d  
above, i s  t h e  v i s c o e l a s t i c  o r  r e c o v e r a b l e  s t r a i n  a t  one  minu te  a f t e r  l oad  
release. The parameter  B is t h e  time exponent  of  the  decay  curve.  The 
parameter  A 1  f o r  t h e  h e a t  t reated s t e e l  specimens w a s  c o n s i s t e n t l y  less 
t h a n  5 x 10-10, making a q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  v i s c o e l a s t i c  p a r a -  
meters b e y o n d   t h e   c a p a b i l i t i e s   o f   t h e   i n s t r u m e n t a t i o n .   V i s c o e l a s t i c  
p a r a m e t e r s  f o r  t h e  h e a t  t r e a t e d  s t e e l  are t h e r e f o r e  n o t  l i s t e d .  
The v i s c o e l a s t i c  p a r a m e t e r s  o f  CER-VIT are r easonab ly  cons i s t en t  be tween  
specimens  and  between  the  as-machined  and  heat   t reated  condi t ions.   The 
s teel ,  s i l i c a ,  and ULE specimens,   however,  showed  marked  changes a f t e r  
h e a t  t r e a t m e n t ,  w i t h  o v e r - a l l  r e d u c t i o n  a n d  s h o r t e n i n g  o f  v i s c o e l a s t i c  
decay.  From compar ison   of   t abula ted   v i scoe las t ic   da ta   o f   spec imens  10  
and 1 2  (Table  111) ,  i t  c a n  b e  s e e n  t h a t  t h e  v i s c o e l a s t i c  d e c a y  r a t e  of 
t h e  h e a t  t r e a t e d  s i l icas  w a s  an  o rde r  o f  magn i tude  f a s t e r  t han  the  as- 
machined s ta te .  
G r a p h i c a l  d i s p l a y  of v i s c o e l a s t i c  b e h a v i o r  o f  . t h e  materials i s  shown i n  
f i g u r e  22. Wide d i f f e r e n c e s  are appa ren t  be tween  the  va r ious  materials. 
O f  t h e  g l a s s y  materials, 7940 s i l i ca  e x h i b i t s  t h e  m o s t  r a p i d  v i s c o e l a s t i c  
decay.  
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9.0 CONCLUSIONS AND RECOMMENDATIONS 
NONRECOVERABLE STRAIN  CONCLUSIONS 
A l l  materials t e s t e d  i n  t h e  m i c r o s t r a i n  p r o g r a m  e x h i b i t e d  similar 
n o n r e c o v e r a b l e  s t r a i n  c h a r a c t e r i s t i c s  when s u b j e c t e d  t o  a p p r o p r i a t e  
h e a t  t r e a t m e n t .  
The 7940 and ULE s i l icas  i n  t h e  as-machined s ta te  provided  incon-  
s i s t e n t  n o n r e c o v e r a b l e  m i c r o s t r a i n  p e r f o r m a n c e .  
Causes f o r  t h e  d i f f e r e n c e  i n  7940 and ULE n o n r e c o v e r a b l e  m i c r o s t r a i n  
performance,  between as-machined compared with heat  t reated,  are n o t  
obv ious .   Pos tu l a t ed   r easons   i nc lude  material manufac tu r ing   p rocesses ,  
i n t e r n a l  s t r a i n s  i n d u c e d  by  machin ing ,  and  sur face  s t ra ins  and  micro-  
s t r a i n  c r a c k s  i n d u c e d  b y  g r i n d i n g .  
CER-VIT demonst ra ted  no  nonrecoverable  s t ra in  improvement  when sub- 
j e c t e d  t o  a h e a t - t r e a t m e n t   p r o c e d u r e .   I n f l u e n c e   b y   v a r i a t i o n s   o f  
t h e  same o r  s i m i l a r  mechanism cannot be ruled out.  
Wi th in  the  measu r ing  capab i l i t y  o f  t he  in s t rumen ta t ion  ( i . e .  10 -10  
n o n r e c o v e r a b l e  s t r a i n )  no r e g i o n  o f  p u r e l y  e l a s t i c  s t r e s s - s t r a i n  
r e l a t i o n s h i p  w a s  found. The e las t ic  l i m i t  is impl i ed  as be ing   ze ro  
stress. 
RECOMMENDATION  FOR CONCLUSIONS 1 THROUGH 5 
The optimum procedure t o  b e  employed i n  t h e  f a b r i c a t i o n  o f  s t a b l e  m i r r o r s  
w i l l  d e p e n d  o n  e s t a b l i s h i n g  t h e  c a u s e  o f  i n c o n s i s t e n t  n o n r e c o v e r a b l e  
m i c r o s t r a i n   b e h a v i o r .  Several methods  of   a t tack are a v a i l a b l e  t o  t r a c k  
down t h e s e   s o u r c e s .  Heat t rea t ing   spec imens   before   machin ing   would  es- 
t a b l i s h  t h e  e f f e c t  of t he   mach in ing   p rocess .   Su r face   e t ch ing ,   po l i sh ing ,  
o r  r o u g h e n i n g  w o u l d  e s t a b l i s h  t h e  r o l e  o f  s u r f a c e  c o n d i t i o n i n g .  A sepa-  
rate program t o  i n v e s t i g a t e  t h e s e  a s p e c t s  is recommended. 
VISCOELASTIC STRAIN CONCLUSIONS 
6)  The v i s c o e l a s t i c   r e c o v e r y  rate o f   t h e   h e a t   t r e a t e d  s i l i cas  was an 
order  of  magni tude  fas te r  than  in  the  as -machined  s ta te .  
7 )  Heat t r e a t e d  7940 s i l i c a  is s u p e r i o r   i n   v i s c o e l a s t i c   r e c o v e r y   r a t e  
t o  e i t h e r  t h e  ULE s i l i c a  o r  CER-VIT. 
RECOMMENDATION  FOR  CONCLUSIONS 6 AND 7 
I f  v i s c o e l a s t i c  r e c o v e r y  r a t e  i s  i m p o r t a n t  t o  m i r r o r  p e r f o r m a n c e ,  a s  i n  
a n  a c t i v e  m i r r o r  s y s t e m ,  c a r e f u l  c o n s i d e r a t i o n  a n d  u n d e r s t a n d i n g  o f  
m i r r o r   s u b s t r a t e   h e a t   t r e a t m e n t  i s  c a l l e d   f o r .   S e l e c t e d   v a r i a t i o n s   o f  
hea t  t rea tment  and  ambient  test  tempera ture  are e x p e c t e d  t o  y i e l d  s i g n i -  
f i c a n t  d i f f e r e n c e s  i n  b o t h  t h e  v i s c o e l a s t i c  b e h a v i o r  a n d  t h e  n o n r e c o v e r -  
a b l e  s t r a i n .  A specimen  temperature   of  305'K w a s  m a i n t a i n e d  f o r  a l l  
tests in   t he   p rog ram.   Th i s   t empera tu re  was chosen as be ing   reasonably  
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c lose  to  l abora to ry  ambien t ,  ye t  h igh  enough  above  expec ted  excur s ions  o f  
ambient t o  a l l o w  c l o s e  c o n t r o l  o f  h e a t i n g .  The ambient   temperature   of  
m i r r o r s  i n  s p a c e  w i l l  range  approximately  between  ambient  and 187'K. A 
s e p a r a t e  p r o g r a m  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  h e a t  t r e a t m e n t  a n d  .test 
t e m p e r a t u r e s  o n  m i r r o r  s u b s t r a t e  v i s c o e l a s t i c  s t r a i n  rates, u s i n g  t h e  
sho r t - t e rm load ing  p rocedure ,  i s  recommended. 
VISCOELASTIC THEORY CONCLUSIONS 
8 )   P a s t   s t u d i e s   o n   v i s c o e l a s t i c   c r e e p   b e h a v i o r   o f   m a t e r i a l s   ( r e f e r e n c e  
2) h a v e  e s t a b l i s h e d  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  s t r a i n  a n d  t h e  
loga r i thm  o f  t i m e .  The   present   p rogram  ind ica tes  a more   accura te  
r e p r e s e n t a t i o n  t o  b e  a l i n e a r  r e l a t i o n s h i p  b e t w e e n  t h e  l o g a r i t h m  
o f  s t r a i n  a n d  t h e  l o g a r i t h m  o f  t i m e .  The s i g n i f i c a n c e  o f  t h i s  d i s -  
covery is no t   immedia t e ly   obv ious .   Theore t i ca l   ana lyses   fo rmula t ed  
t o  t a k e  a c c o u n t  o f  t h e  p r e v i o u s  r e p r e s e n t a t i o n  d o  n o t  a p p e a r  t o  b e  
r e a d i l y  r e c o n c i l e d  w i t h  t h e  p r e s e n t  o n e .  
l7ECOMMENDATION FOR CONCLUSION 8 
A r e v i e w  o f  s o l i d  s t a t e  v i s c o e l a s t i c  t h e o r y  i n  t h e  l i g h t  o f  C o n c l u s i o n  8 
is i n  o r d e r .  It i s  recommended t h a t   c r e e p  tests of  a number  of   basic  
g l a s s - type  materials, i n c l u d i n g  t h o s e  t e s t e d  i n  t h i s  c o n t r a c t ,  u s i n g  ex- 
t ended   l oad ing   pe r iods  (1 h o u r  t o  1 week) be   under taken .   Also   an   ou t -  
s t a n d i n g  i n d i v i d u a l  i n  t h e  f i e l d  o f  s o l i d  s t a t e  v i s c o e l a s t i c  t h e o r y  i n  
g l a s s e s  s h o u l d  b e  c o m m i s s i o n e d  t o  p a r t i c i p a t e  i n  t h e  i n v e s t i g a t i o n .  
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APPENDIX A - SPECIMEN  DIAMETER  DETERMINATION 
Permissible  extensometer  displacement  is  limited  by  the  extensometer  core 
supports  to kO.067 radians.  The  load  torque  is  limited  by  the  load  cell 
to 260 inch-pounds. To employ  the  testing  equipment  to  optimum  advantage, 
the  specimen  should  have a  stiffness  that  ensures  that  both  limits  are 
reached  simultaneously.  The  torque  in  terms  of  deflection  is  described 
by : 
T = . i r G e a / 2 L  4 
where T = the  torque, 
G = torsional  modulus of the  specimen, 
0 = extensometer  angular  deflection, 
a = specimen  test  section  radius, 
L = specimen  test  section  length. 
For  prescribed  torque  and  deflection,  the  diameter (d) is  determined as 
d =  (E) 
32LT 114 
Setting 
T = 60 inch-pounds 
L = 4 inches 
e = 0.067 radians 
We  have 1 
4 
"
d = 13 .74  G 
This  relationship  was  utilized  in  the  determination of specimen  test 
section  diameter  for  each  material. 
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APPENDIX B - PROCUREMENT  SPECIFICATIONS  AND  MATERIALS 
MICROSTRAIN  SAMPLE  SPECIFICATION 
Microstrain  Application 
The  samples  are  to  be  used to  determine  the  microstrain  characteristics 
of  selected  optical  materials  intended  for  space  apelication. 
Sample  Specification 
1. Size 
All  samples  obtained  from  the  material  manufacturer  shall  be  square 
bars  of  dimensions: 
Sides - 1.00 inch +0.10 inch -0.00 inch 
Length - 6.00 inch +0.10 inch -0.00 inch 
2. Sample Material 
Fused  Silica - Corning  Glass  Fused  Silica  7940,  Mirror  Blank  Quality 
ULE Fused  Silica - Corning  Glass  Fused  Silica  7971,  Mirror  Blank 
Quality 
CER-VIT - mens-Illinois CER-VIT  C-101  Premium  Grade  Mirror  Blank 
Stainless  Steel - 304L Vacuum  Melt  to  be  purchased  to  AMS5647B 
Aerospace  Material  Specification.  This  is  the 
control  material  for  the  test  program. 
3 .  All  samples  will be ordered  from  a  specific.  and  identifiable  batch 
or  lot. 
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C o e f f i c i e n t  of Thermal 
Expans ion   i n /   i n /  " C  
5 - 35°C 
Density 
E l a s t i c  Modulus 
25°C 
Shear Modulus 
P o i s s o n ' s  R a t i o  
25OC 
25" C 
SELECTED  PHYSICAL PROPERTIES 
C o r n i n p  7940 
Fused S i l i c a  
5.0 x 
2.20 
10 .6  x 10 6 
0 . 2  '0.3 x 
2.21 
9.8 x 10 6 
x 
m 
4.5 x 10 
0.17 
6 4.2  x 10 
0.17 
6 
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MECHANICAL  PROPERTIES 
Elastic  Modulus, 25°C 10.6 x 10" psi 
Shear  Modulus, 25°C 4.5 x 10" psi 
Modulus of Rupture, 
Abraded, 25°C 7200 psi 








L - 10.4 
10.0 
YI 
0 300 600 900 
Temperature - "C 
POISSON'S RATIO' 
0 300 600 900 
Temperature - "C 
Poisson's  Ratio, 25°C 0.17 
Knoop Hardness, 
100 gm  load, kg/mmz 560. 
Density, gm/cc 2.202 
SHEAR  (RIGIDITY) MODULUS' 
Temperature - 'C 







Y i 1:; 1-1 
W s o  300 600 900 Temperature - "C 
*Source: Spinner, S. "Elastic Modulus of Glassas at Elmvoted Tsrnporaturas by a Dynamlc M-thod", J. 
Amaricun Ceramic Sac. 39, 113 (1956). 
RESISTANCE  TO  RADIATION  DARKENING 
The following values are the results of tests on typical samples of CORNING Fused Silica No. 7940: 
Radialton Total 
TYPO Energy Dole 
- . .______ 
Electron 800 KaV 6.3 x 10'' Rads 
1.5 MeV 1.4 x 10' Rads 
Gamma 1 MeV IO' Rads 
I O t n  Rads 
rrolron 1 MeV 10' Rods 







5% decrease In vlsabta tronsmlttance. no chonga 
above 2.0 rnlcrons 
No changa In Iran~mitlonca bova 0.3 mlcrons 
No cholrge In tronsmlltame abova 0.45 rnkrons 
Ylghl Iluelh Tlnt 
No hang. in trommHtarca obore 0.45 micram 
No bong. In trammlilanca obova 0.35 nkroru 
2% dmlty  Crraasa. 
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APPENDIX B (CONI) 
AVAILABLE GRADES AND SPECIFICATIONS 
STANDARD GRADES: 
Slrloe Grode 
Maximum  Di emion- In Dlrecflon of Vhw 
Dlometer or Diogonol 
JAN-G-174 
per  Spec 
INDUSTRIAL GRADE 
" - ." - 
u p  IO 18' D 
18' Io 36' D 
36" Io 60' D 
Max. 96 
Mox. No. of M o l .  Avg. No. Max. Mean Prolected 
Secds/cu. In. of Scads/cu. In. Dlo. of Seeds Area/ln. 














u p  IO IO" 
10. IO 1 1 '  
l 4 " l o  18' 
18' lo 36" 
36. lo 60" 
A A 0.40 0.020' 0.005 IO 
A 4 0.40 0.030" 0.005 10 
A A 0.40 0.040' 0.005 10 
A 25 3.00 0.080' 0.036 IO 
A 100 10.00 0.150' 0.1 20 10 
ULTRAVIOLET GRADE 
Up lo 18' X A" Thlck Same Inferno1 quolity as Opticol Groda vllh Guaranteed Mlnimum  Transmlsslon 01 1850A In IO mm. thlrknmss os followst 
SPECIAL  GRADES: 
SEED FREE QUALITY 
Maxlmum Available Size Same Internal Quallly os Opllcd Grade w l h  
3" Dla. X 1"  Thlck No Seeds over 0.001 M s m  Dlometer (Ilmlt of vlsabllltyl 
SCHLIEREN aUALlTY Soma Internal Quallly as OpHcd  Grade with 
Up lo 8"  Dla. X 3" Thick 
E' lo 1.9" Dla. X 3" Thlrk 
Guoranlead Index Homoganlly* E X 10- 
2 Y. 10- 
lnden Gradlentt 4 X 10" 
E x 10- 
%del homogeneity Is Ihe maxlmwm dlfference In overage refradlve Indmr  measured normal lo the farm os furnlshed. 
tlndar grodlenl Is the gradlent parallel lo the faces  (as  furnlshed) of the average Index of  refradlon taken an any stralght 
llne normal to Ihs faces. 
MIRROR BLANK QUALITY 
Salld Mlrror Blanks 
Up to 200' Dim. Solid Deslgn Quotation on Request. 
Lighhrslght Design 
Up lo EO' Dlo. Llghhrelght Dedgns !h to Yz welght of Solld Blank-QwolaHon on Request. 
TOLERANCES AND FINISHES: 
INDUSTRIAL  GRADE All surfaces  sawcut +0.250 -0. 
OPTICAL,  ULTRAVIOLET 
SPECIAL GRADES Faces 60 grit ground +.OlO -0, Edges ground +.On0 -0. 
BLANCHARD GROUND WARE 
Maximum Dlmenslon Edaar Faces Parallellm Flatnmrs 
u p  to 12' +O.OlO' -0 +O.OlO' -0 wlthln 0.004' wlthln 0.005' 
Over 12" up to 48' +o.oeo* -0 +O.OlO' -0 








Marlmum Dlmenslon Edges Facn Parallelism natnnr 
Up ta 12' +O.OIO' -0 +O.OlO' -0 wlthln 0.010' 
O*er 12' up to 48. 
wlthln 0.005' 
+O.OSO' -0 +0.020' -0 wlthln 0.020' wlthln 0.005' 
PRICES: 
Please see FSP-5 dated January 4. 1965 for llsted dres. Wrltm OpHcal  Markmt  Developmmnl DeparImant for all other d r m s  and quallHes. 
OPTICAL MARKET DEVELOPMENT 0 CORNING GLASS WORKS CORNING, N. Y. 
FS-6-Morch 1, I966 Copyright 1966, Cornlng  Glass Work& Cornlng. N.Y. c p  
CORNING I s  a Regblared Trademark of Coming Glass Works 
ea. 
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, &$\ .+. b.\ AEROSPACE: AMS 56478 I  
& .!:~i~-~~‘~ MATERIA,L SPECIFICATIONS . 
SOCIETY OF AUTOMOTIVE ENGINEERS. Inc. 
‘S”’d 12-1-?3 
483 Lbllnglon Avb.. Nbr Yorh. N. Y. 1Wtl Rbvisad 3-15-00 
STEEL, CORROSION RESISTANT 
18Cr - 8NI (304L) 
4 
1. ACKNOWLEDGMENT: A vendor shall mention thls epecificatlon number nnd its revislon letter in a11 
quotations  and when  ncknowlcdging purchase  ordere. 
2. B: Bars ,  forglnge, flash welded rings. mechanlcal tubing, and stock for forglnpa or flash’ welded 
rings. 
3. APPLICATION: Primorlly  for parte nnd nssemblica rcqulring both corroslon and h a t  resistance  up  to 
600 F (427 C), especlally when such parts and assemblies arc welded during  fabrlcatlon. Parts and 
assemblies  requiring  oxldatlon  reelstance up to  approximately 1500 F (816 C), but useful at that tempt,!‘. 
ature only when etreesee are low. 
4. COMPOSITION: 
min  max 
6 
Carbon ” 0.030 
h;an@nese ” 2.00 
Silicon ” 1.00 
Phosphorus “ 0.040 
S u l h r  ” 0.030 
Chromium 18.00 - 2 0 . 0 0  
Nlckel 8.00 - 11.00 
Molybdenum ” 0.50 
Copper -- 0.50 
4.1  When mechanical tubing I s  ordered, nickel may be as high a s  13.00. 
4. 2 Check Analysis: Compoeltion variations shall meet the requirement8 of the  latesf  isme of AMs 2248. 
5. COSDITION: 
5.1  Bars ,  ~o lg ings ,  Flash Welded Rings, and Mechanlcal Tubinx: Solution heat treated free from con- 
tinuous  carbide  network. 
5.1.1 Unless  otherwise  specified, all hexagons,  and  other  bare 2.75 in. and  under in diameter or distance 
between parallel  sides  shall  be  cold  finished. 
5.1.2 ~ l a f i h  welded rings  shall not be  supplied  unleee  speclfled or permitted on purchaser’s p m  dratving. 
When supplied,  they ehall be  manufactured in accordance  with  the  latest Issue Of AMs 7490. Unless 
othenvise  apecified. 
5.2 s o c k  fo r  ~0rp;ings or   F lash  Welded Rlngs:  Ae ordered by the forglng or flash welded rhna’ manu- 
facturer. 
6. TECHNICAL  REQUIREMENTS: 
6 . 1  Hardness: 
6. 1. 1 Bars and >Icchnnlcal Tubing: Shall hove hardncsu 08 iollows o r  WUi\*alent when taken aPProximalelY i 
midway  behveen outer  surface  and  center  or  lnller  aurfaca ati appl icabh  - 
CoPYriOhl 1966 by Soclbly of Aulomolivb Enalnbmrs. Inc. Prinlbd in U.S.A. 
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- 2 -  
6.1.1. 1 WS: 
d Nominal Diameter or 
Distance  Betwem  Parallel  Sidcs 
Inches 
I1:rrdne~s.  Brinell 
min max 
Up to 2. 000. incl 140 241 
Over 2.000 " 24 1 
i;. 1. 1. 2 llcchanical Tubing: Not higher than Ilockwvll B 9U. 
6. 1. 2 =~1:1!:3 and Flnsll \Vcidcrl l i i r p :  Shall have h3rdnesti nnt higher than Brinell 187 or equivalent. 
6 .  2 Embrittlrment: hlatcrial from bars .  forgrngs. mcchanicol tulxng. and f lash  welded rings shall be cap- 
able ai meeting t h e  following test:  
6.  2. 1 Tcst specimens, after being  heated  at .1200 F t 10 (ti4H. 9 C 15. 6 )  for 2 h r  and a i r  cooled.  shall  with- 
stmd  lnllnersion for 48 h r  in  a boiling  aqurous  sulutlon  contaming 100 g of  CuS04. 51I2O and  100 ml of 
H ~ S O A  (sp g r  1.64) per l i ter  of solution  under a rellux ccindcnbcr.  without  evidence of intercrystallhe 
surface attack. After such immersion. the spccinlenti shall withstand, without cracking. bcnding a t  
room  temperature  through  an  angle of 180 deg around a diameter  equal to the  thickness of the  specimen. 
7. QUAI.ITY: Material shall be unliorm in qu:illty and conditlw. clean, sound, and free from foreign mate- 
rials  and  from  internal and external  imperfect~cms  cletrim?ntal  to  f:tbrication or to  performance of parts. 
8. TOLEKASCES: Unless othelwise specified, tolcrances shall confornl to all applicable requirements of 
the following: 
8. 1 m s :  The latest issue of A M S  2241. 
8.2 3lechanical Tublng: The latest Issue of AhlS 2243. 
9. REPORTS: 
9 .1  
9.2 
Un!ess othcrwise  qccifled,  the  vendor o f  the prnduct sh:iIl fumiah with cxch shipment  three  copies oi a 
report  o f  the  results o f  tvsts for chemical composition of each heat in the  shipment.  This re2ort shall 
hclude the purchase order number, heat numhcr. material spc,clIication number, size, and quantity from 
each heat. If forgings are  supplied,  the part number and size  oi  stock  used  to  make  the  forgings  shall 
also bc included. 
Unicss  otherwise  specified.  the  vendor of finished or semi-finished palts  shall  furnish with each  ship- 
ment  three  copies of a report showing the purch:lsr o rder  nuI111xr. material  spcciiication  number,  con- 
tractor or othcr  direct sugpller of material. part nurnbcr, and quantity. When mater1:ll for nmliing parts 
is projuced or purchased by the parts vendor.  that  vendor  shnll  inspect  each lot of material  to  determine 
conformance  to  thc  requirements of this  specification, and sh:tll include in the report a shternent  that 
the  ra ter ia l   conforms,  or shnll  include  copies of laboratory rcyorls showing t h e  reaults of tests to  de- 
termine  conformance. 
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10. IDEWIFICATION: 
10. 1 R ~ r s  and hlcchnnical TuIJing: Individual pieces or hndlcs  shal l  have at tached a m e t a l   o r  ph:.tic tag 
embossed  with  the  purchase  order  number. AMS 5047B, nominal. size. and  heat  number, oi shal l   be  
tmxud and  the box marked  with  the  same  i~lfonnatlim. In nddltion to the  above  identification.  flats 
2 x 1 ir,. and   l a rge r ,   o the r   ba r s  1 In. and  over in di?mt:ter o r  diutanco  between  parallel  sldcs, and 
tubing  when s lze   permlts ,   ahal l   be   s tamped with  the hear rhurnber  wlthin 2 In. of ono  end. 
10.2 Fo1::in:s: Shall be Identlfied In accordance wlth the lnteut issue of AMS 2fi08. 
10.3 Flash Welded RingY: Shall be identiflrd an ngrced upon by purchaser and vendor.  
10.4 Stock for Forgings and Flash Welded RinE:  Shal l  bo ldentlfied a s   a g r e e d  upon by purchaser  and vend01 
11. REJECTIONS: hlaterial not conforming to this spcclllcatlon or to authorized modifications will be subjec 
to  rejection. 
NOTE. SIMILAR S P E C I F I C A B :  Federal  QQ-S-763, Class 304L, Condition A is l isted for information 





APPENDIX B (CONT) 
OWENS-ILLINOIS CER-VIT MATERIAL 
LOW-EXPANSION MIRROR BLANKS 
SPECIFICATIONS 





0 I!: 1 x lO-'/OC 
o -1: 1.5 X 10-7/0c 
2.2 Ability to be Fiaured 
2.3 Surface Coatings 
2.4 Other Properties 
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3. MATERIAL QUALITY 
3.1 Inclusions 
Inclusion  Limits  for  Various  Grades by Diameter or Diagonal 
Grade - 15 INCHES BETWEEN 15 AND UNDER 30 INCHES AND 30 INCHES AND OVER 
Premium 
Max. clve. no. per 
- ..  ~. ~. 
cul)ic  inch 3 7 
Max. no. in nny 




nirefringcnce resulting from permanent str;tin shnll not produce n rclntivc rrtnnln- 
tion of path dirercnce of more than the following values p e r  cenlimctcr o f  trclnn. 
mitt.ctl light,  except where cords  exist. 
Premium - 10 Millimicrons 
Chmmcrcial - 15 Millimicrons 





Blank  faces shall be rough ground with nn SO-grit dinmond tool. 
Blank  edges shall be saw cut  or  better. 
Dinmeter and thickness tolernnces ahall be  minus 0 plue 0.25 inch. 
Special  finishes and tolerance  cnn be furnished on request. 
25 
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PROPERTY COMPARISON FOR 
CER-VIT MIRROR BLANK MATERIAL AND FUSED SILICA 
PROPERTY AND UNIT 
Thermal Properties: 
Mechanical Properties: 




MATERIAL C-101 SILICA -






9.42 x l@ 
13.1 x 106 
3.87 x 1 0  
5.5 x 106 
6.33 x 10" 








7.38 x 1 0  
10.5 x lo6 
3.02 x 1 0  
4.3 x lo@ 
3.73 x 106 




2.0 x 1 0 "  10'H 




APPENDIX  C 
MICROSTRAIN DATA REDUCTION COMPUTER PROGRAM 
C A S E  * 
* 
* 
P 1  
. . . . .  
* 
P 2  
P 3  
P 4  
P 5  
P 6  
t 
P 9  
P 7  
P 7 A  
P73 
p10 
Boeing B l i t z  Language edy-Dl .w .w- .wo-oDs 2"7.82 1-30 5-8461 ..... - 
R E D U C T I O N  OF N A N O S T R A I N   D A T A  T O  Y I E L D   N O N - R E C O V E R A B L E   S T R A I N  
990-2\14 
VS S T R E S S  . . . . . . .  - " . -. -. ... - .... s 
THIS PROGRAM DOES. NOT 'INCLUDE POWER-LAW. CORRECT.ION S 
I N P U T ( M 0 N T H r D A Y r Y E A R )  s 
I N P U T ( D Y l r D Y i r T l r T 2 r T O )  S 
P R I N T ( 1 r M O N T H r D A Y r Y E A R )  s 
P R I N T ( O r S A M P L E 1  . " .  . . . .  - -. ... " " ................ s 
PRINT(D1AMrLENGTHrMODLUS) s 
N O T E   U N I T S   D I A M E T E R r L E N G T H ( I N C H E S 1   M O D L U S ( P S 1 )  s 
E X M U L T = D I A M * ~ O B Z ~ ~ ~ E - ~ / L E N G T H  s 
LMULT=O.O67448/(0IAM++3) s 
P R I N T ( E X M U L T r L M U L T )  -. . . . .  - - . -. . .  - . S - ... 
C A L I B R A T E   A M P L I F I E R   A N D   R E C O R D E R   R A N G E S  s 
rNPuT(sAMPLE'DIAMrLE.N.G~~r.MoD~u~.)"". s 
C A L C U L A T I O N  O F  PHYSICAL.   .MULTIPL. !ERS.  . . . . . . . . .  s 
OFF=O.O s 
I N P U T ( A T T r C A L r C A L D F r Z E R O r P 0 T S . )  ....... . . .  - . . . . . .  .- .. "- s 
POTS=O.OOl+POTS 6 
B R A N C H ( A T T - l O O O o r P 3 r P 6 r P 6 )  b 
A T = F I X ( A T T )  . .  ." . . s 
B R A N C H ( A T - 2 0 0 r P 4 r P 5 r p 5 )  s 
S E N S ~ P O T S * C A L * E X M U L T / ~ ~ l o + O o O O ~ ~ 6 * f O T ~ * ~ ~ ~ ~ P O T S ) * C A L ~ * C A L D f ~  s 
S A V E ( S E N S r 5 r A T )  ...... ..... 
S A V E  ( Z E R O , Z , A T )  
. .  - S . 
b 
P R I N T ( A T T r S E N S r Z E R 0 )  s 
B R A N C H ( P 2 )  . . . . . . . . . . . . .  
S E N S = C A L + L M U L T / C A L D F  
f! 
s 
S A V E ( S E N S r S * A T )  s 
S A V E ( Z E R 0 r Z r A T )  . . . . . . . .  - -. ... -. - ... - - s 
P R I N T ( A T T r S E N S r Z E R 0 )  b 
B R A N C H ( P 2 )  
F I N D ( S E X t S r 1 )  
E X P O = L O G R ( D Y ~ / D Y ~ ) / L O G R ( T ~ / T ~ ~ ~ ~ O  
C O E F = - S E X * D Y l + T 1 + + ( E X P O + l o ) / E X P O  
O F F S E T = - C O E F / T O * * E X P O  . . . . .  - . . . .  - . 
P R I N T ( U F F S E T r C O E F r E X P 0 )  
P R I N T ( 0 )  
C O M P U T E   S I N G L E   P O I N T( E N D   P O I T )   V A L U S  . . . . . . . . . .  
INPUT(ATTEXrEXDEFrATTLvLDEFrCALrp0TS) 
P O T S ~ ~ ~ ~ ~ ~ ~ P O T S / ~ ~ ~ + ~ ~ O ~ ~ ~ ~ * P O T S * ~ ~ O O ~ O ~ P O T S ~ * C A L ~  
B R A N C H ( A T T E X - 1 0 0 0 . ~ P l O ~ P 7 ~ P 1 l l  ' . . .  - .. - ... - ..... 
1 N P U T ( A T T E X v E X D E F r C A L r P O T A r P O T B v O F S E 7 1  
. -  
A T = F I X ( A T T E X )  
B R A N C H ( E X D E F r P 7 B r P 7 B r P 7 A )  . . .  
P O T A = 0 . 0 0 1 ' P O T A / ( 1 o + 6 . 0 6 E ~ 9 ~ P O T A * ~ l O 5 ~ ~ - P O T A ~ ~ C A L ~  
P O T ~ = ~ . ~ ~ ~ * P O T B / ( ~ O + ~ . O ~ E - ~ * P O T ~ * ~ ~ G G ~ ~ - P O T B ~ * C A L ~  
S A V E ( S E N S r S * A T )  
F I N D ( S E N 5 r S r A T )  
OFFSET=OFFSET+OFSET+SENS . . .  
B R A N C H ( P 9 )  
R E X = F I X ( A T T E X )  
I N P U T ( T 1 M )  ............... 
R L = F I X ( A T T L )  























-. - 6"  
. "  f - 
27 
APPENDIX C (CONT) 
Boeing B l i t z  Language 
. .  . . . . . . . . .  . . . . . .  ... . . . . .  
F I N D ( S E X , S I R E X )  B 
F I N D ( Z E X * Z t R E X )  B 
F I N D ( S L v S 9 R L )  B 
F I N D ( Z L , Z * R L )  B 
S T R E S S = S L * ( L D E F - Z L )  B 
S T R A I N = S T R E S S / M O D L U S  . . . . . . . .  . .  . . .  . . . . . .  . . .  B 
O F F = C O E F / T I M * * E X P O  B 
N R S = S E X * ( E X D E F - Z E X ) + P O T S + C A L * E X M U L T * O . 5 - O F F S E T - O F F  B 
P K I N T ( S T R E S S , S T K A I N ~ N R S ~ A T l E X I E X D E F I  B 
B R A N C H ( P 9 )  B 
P 1 1   P R I N T ( 1 1  B 
P I 2  I N P U T ( T I M O ~ T I M I N T , A T T L t L D E F , T I M O O )  B 
P 1 2 A   R L = F I X ( A T T L l  " .  B 
-. - - 
* COMPUTATION  F   END  I JOINT  FROM  T IME  D CAY  CURVE . - . _ _  . .  _ _  B 
B R A N C H ( T I M O - 1 0 0 0 . ~ P 1 2 A , P l r P 1 )  B 
F I N D ( S L , S * K L I  B 
F I K D ( Z L v 2 , R L )  B 
S T R E S S = S L * ( L D E F - Z L I  . . . . . . . . . . . . .  B 
S T R A I N = S T R E S S / M O D L U S  B 
P R I N T ( 0 )  B 
N=O B 
P R I N T ( 1 r ~ T R E S S I S T R A I N )  B 
P I 3  I N P U T ( A T T E X I E X D E F , T I M M ~ T I M P P C A L ~ P O T S )  B 
P O T S ~ 0 ~ 0 0 1 * P O T S / ~ 1 ~ + 6 ~ O 6 ~ ~ 9 ~ P O T S * ~ . l O O O ~ ~ P O T S I * C A L ~ ~  - .  ...... . . .  B
B R ~ ~ ~ C H ( A T T E X - 1 0 0 0 . r P l 4 ~ P l 3 A ~ P l 5 )  B 
P 1 3 A  I N P U T ( A T T E X I E X D E F , C A L , P O T A , P 0 T . B 9 O F S E T )  3 
A T = F I X ( A T T E X )  " . . ~ .  . "  . B 
B R A N C H ( E X D E F v P 1 3 C , P 1 3 C I P 1 3 8 )  B 
P I 3 8  P O T A ~ ~ ~ ~ ~ 1 " P O T A / ~ 1 ~ + 6 ~ O 6 E ~ 9 ~ P O T A u ~ l O O O ~ ~ P O T A ~ * C A L ~  B 
P C T B = O . O O l * P O T B / (   1 . + 6 . 0 6 E - 9 * P O T B + (   1 0 0 0 . - P C T B I + C A L )  ,.. B 
S E N S = ( P O T B - P O T A ) * C A L * E X M U L T * 0 . 5 / E X C j E F  B 
S A V E ( S E R S * S , A T )  B 
P 1 3 C   F I N D ( S E X * S , A T l  B 
O F F S E T = O F F S E T + O F S E T * S E X  B 
B R A N C H ( P 1 3 )  B 
P 1 4  T I K E = T I V M + ( T I M P - T I M O ~ / T I M I N T  . . .  . .  - - ..... - . - - .. -. B .. 
R E X = F I X ( A T T E X )  B 
F I N D ( S E X , S , R E X l  B 
F I N D ( Z E X v Z 9 R E X )  . . . . . . . . . . . . .  ........ "" . r  .$. 
T I M = T I M O O + T I M M + T I M P / T I M I N T  B 
O F F = C O E F / T I M * * E X P O  B 
N = N + 1  S 
F N = F L O A T ( N )  S 
S A V E ( N R S 9 A A p N )  . B  
S A V E ( T I M E s A B * N )  B 
B R A N C H ( P 1 3 )  B 
P 1 5   F I N D ( N R S , A A , l )  . . .  . . . .  - s  
I N C = ( ~ R S / A B S ( N R S I ) * l . O E - 8  B 
TNRS=- l .OE-8  B * I N T R O D U C E   I I T I A L   O F F S E T  . . . .  _ .  . .  B 
S T A R T ( J , 1 , 1 ) -  B 
F I N G ( N R S , A A * J )  B 
N R S = ~ S E X + ( E X D E F - Z E X ) + P O T S 9 C A L " E X M U L T * O ~ 5 - O F F S E T ~ O f F  . . . . . . . . . . . . . . .  $. 
N R S = A B S   ( N R S + I  NC 1. .. ." . "" . . .  " . .  . . .  ... 
B R A N C H ( N R S , P 1 5 A , P l S A I P 1 5 8 )  
. .  5 .  s 
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APPENDIX C (CONT) 
B o e i n g  B l i t z  Language 
29 
APPENDIX C (CONT) 
Boeing B l i t z  Language 
+t 
P 1 9  
P 2  0 
* 
P 2  1 




" APPENDIX c (CONT) ~ - . - . . . .  .- .. - 
Fortran IV Language 
. -. _. " 
32 
APPENDIX c (CONT) 
For t ran  I V  Language 
2 3 ( 1 P E 9 0 3 ~ 6 X ) / ) / l H  1 ........ ..... 
. . K i ~ ~ O  ... 
". . . .  . . . . . . . . . . . . . . . . . .  -. -. 
25 XF~KoEQ.30) GO TO 24 
33 
.~ . .  - END ........... 
................ 
... - ..... - ....... 
041 1 
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APPENDIX  D - ROD POWER LAW CONNECTION 
D e f i n i t i o n s  : 
a = r a d i u s  of s o l i d  c y l i n d r i c a l  r o d  
r = r a d i a l  d i s t a n c e  f r o m  c e n t e r  o f  r o d  
S = t o r s i o n a l  s h e a r  stress i n  r o d  
E = t o r s i o n a l  s h e a r  s t r a i n  
E* = plast ic  t o r s i o n a l  s h e a r  s t r a i n  
G = shear  modulus 
K = p r o p o r t i o n a l i t y   c o n s t a n t  
0 = t o r s i o n a l   d e f l e c t i o n   p e r   u n i t   l e n g t h   o f   r o d   a b o u t   a x i s  
S u b s c r i p t  (1) deno tes  cond i t ion  o f  rod  unde r  stress 
S u b s c r i p t  ( 2 )  d e n o t e s  c o n d i t i o n  o f  r o d  a f t e r  stress release 
Subsc r ip t   ( a )   deno tes   cond i t ion  a t  r o d  s u r f a c e  
L e t  u s  assume a r e l a t i o n s h i p  b e t w e e n  e l a s t i c  p l a s t i c  s t r a i n  s u c h  t h a t :  
E* = KE1 = K(S1/G) N N (1) 
Where N i s  a real  and  posi t ive  number.   The  range of  p l a s t i c  s t r a i n  con- 
s i d e r e d  h e r e  i s  small enough (KL0.001) t h a t  t h e  p r o p o r t i o n a l i t y  b e t w e e n  
stress and s t r a i n  h o l d s  t o  a ve ry  c lose  approx ima t ion .  
A f t e r  release, t h e  n e t  t o r q u e  o n  t h e  r o d  w i l l  be  ze ro .  
a 
0 = Jo r2 S 2  d r  = La r2 G(E2 - E;k) d r  
o r  
a 
r2 E2 d r  - 4 r2 E* d r  = 0 
Now, s i n c e  
E = r e  
35 
APPENDIX D (CONCLUDED) 
a 4 
r2 E2 d r  = 4 r3 0 d r  = - 0 a 2 4 2  
And f rom equat ion  (1) 
a 2 N  N+3 r2 E* d r  = Jo K r E d r  = K La rN+' eN d r  = - a 1 1 N + 3  K e: 
Combining (3) , ( 5 )  , and (6)  , w e  have 
4 N+3 a e 2 = -  a - 
N+3 
From equa t ions  (1) and ( 4 )  , w e  have 
E" = KE = K(aB1) N N 2 'a 
and 
EZa = ae2 
S u b s t i t u t i n g   e q u a t i o n s  (8) and ( 9 )  i n t o  ( 7 ) ,  w e  have 
E: = 7 E2a N+ 3 
which states t h a t  t h e  t r u e  p l a s t i c  s t r a i n  of t h e  o u t e r  f i b e r s  of t h e  
rod  is ( N + 3 ) / 4  times the   nonrecove rab le  s t ra in .  For N = 1, t h i s  f a c t o r  i s  
u n i t y  . 
36 
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1 2  
13 
Material 







7940 S i l i c a  
7940 S i l i c a  





R i g i d i t y  
10 p s i  (10 N / m  ) 6 9 2  
4.5  (31)  
12.5  (86)  
12.5  (86)  
5.5 (38)  
5.5 (38)  
4.2  (29) 
4 .2   (29)  
4 .5  (31) 
4.5  (31)  
4 .5   (31)  
5.5 (38) 
4.2  (29) 
4 .2   (29)  
" - 
T e s t  S e c t i o n  
Diameter 
Inches (cm) 
.299 ( .760) 
.232 ( .590) 
.232 ( .590) 
.284 ( .722) 
.284 ( .722) 
.304 ( .772) 
.304 ( .772) 
.299 (. 760) 
.299 ( ,760) 
.299 ( .760) 
.284 ( .722) 
.304 ( .772) 
.362 ( .920) 
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TABLE 11: SPECIMEN DISPOSITION SUMMARY 
Specimen 

































S i l i c a  
S i l i c a  




." . . . . ~ ~ ~  
Treatment  




















I D i s p o s i t i o n  
Data e r r a t i c - - - s p r e a d  p l o t t e d ,  v is-  
c o e l a s t i c  d a t a  t a b u l a t e d  
V i s c o e l a s t i c  d a t a  t a b u l a t e d  
S i n g l e  p o i n t  p l o t t e d  
Data P l o t t e d  
F r a c t u r e d  i n  t e s t - - - d a t a  p l o t t e d  
Shou lde r  c racks - " f r ac tu red  in  
t es t ,  d a t a  d i s c a r d e d  
A c c i d e n t a l l y  d e s t r o y e d  
A c c i d e n t a l l y  d e s t r o y e d  
F r a c t u r e d  i n  t e s t - - - d a t a  p l o t t e d  
w i t h  Numbers 1 and  10 
F r a c t u r e d  i n  t e s t - - - d a t a  p l o t t e d  
D a t a  e r r a t i c - - - s p r e a d  p l o t t e d ,  v i s -  
c o e l a s t i c  d a t a  t a b u l a t e d  
Data p l o t t e d  
S i n g l e  p o i n t  p l o t t e d  
Data p l o t t e d  
Data p l o t t e d  
Data e r r a t i . c - - - sp reak   p lo t t ed   v i s -  
c o e l a s t i c  d a t a  t a b u l a t e d  
D a t a  p l o t t e d  
Data p l o t t e d  
Data e r r a t i c - - - s p r e a d  p l o t t e d ,  vis- 
c o e l a s t i c  d a t a  t a b u l a t e d  
0 No h e a t   t r e a t m e n t ,   t e s t e d  as machined. 
A T rea t ed  1170'K 2 h o u r s ,  c o o l e d  i n  s t i l l  a i r .  
B T rea t ed  810'K 1 hour ,   oven  cooled.  
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TABLE 111: VISCOELASTIC  DECAY  PARAMETERS 
I LOAD 
STRESS 1 N/m2  STRAIN 
Specimen  2-1  304L S t e e l  as Machined 













.29 x .84 x 
.42 
.84 
1 . 7  .62 
.83 




4 .0  
8 . 1  
37 5.4 
2 1  
94 
10 92 
1 6  62 x 
Specimen  #4 CER-VIT 101 A s  Machined 
.95 x 10 6 


















1 . 2  
1.8 
2.5 




1 4  
20 
~- 
. 73  x 
1 .0  
1 . 3  




9 .5  







































N / m 2  
LOAD 
STRAIN 
Specimen 11-1 CER-VIT 101 A s  Machined 
3.2 x 10 
4.6 
6 .6  
9 . 1  
9 . 3  
13.1 









1 .22  
1.7 
2 .4  
2.5 




1 4  
Specimen  11-2 CER-VIT 101 Heat Trea ted  










5 3  
6 





1 .7  
2.4 
3 .5  
4 .8  
7 .0  
9 .5  
1 4  
Specimen #1 7940 S i l i c a  A s  Machined 
. .  
2.8  x 10 
3.5 
5.6 
7 . 1  
11.2 
















9 .4  
10 









6 .4  
9 .4  





.73  x 
.93 
1 .4  
2.5 
3 . 8  
6.6 
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4 1  





LOAD A1 B 
Specimen #8 7940 S i l i c a  A s  Machined 
Specimen #1@1 7940 S i l i c a  A s  Machined 
5.6 x 
.38 29 15 45 
.36 1 6  10 31 
.36 11 .4  7.3 23 
.39 6 .3  5.7 18 
.37 5 .1  3.7 11.3 
. 4 1  3.0 2.5 7.7 
.35 2 .3  x 2.0 x 
Specimen #lo-2 7940 S i l i c a  Heat T r e a t e d  
11.3 x 
.11 1 6  1 4  45 
.29 3.4 10.1 31 
.31 2 .1  7.3 23 
.34 1.0 5 .1  1 6  
.47 0.6 x 3.6 x 
Specimen #lo-3 7940 S i l i c a  Heat T r e a t e d  
63 x .19 7 . 1  x 20 x 
Specimen ill3 7971 ULE A s  Machined 
1.3 x 
2.1 


















1 .2  x 
























1 .4  x 
1.9 
2.7 
3 .8  
5.4 





4 3  
." .~ 
Specimen 112-2 
" . " 
3.8 x 
5.4 
7 . 4  




4 3  
." - - . . . . - ~- 








5 . 1  
7 . 4  
10 .2  
15  
. .  ~~~ - - ~ 
7 9 7 1  ULE Heat Treated 




5 . 1  
7 . 4  
10 .3  
1 5  
~~~ ~- 
Specimen # l 2 - 3   7 9 7 1  ULE Heat Treated 
. . .. . ~- 
5 . 5  x 
7 . 2  
10.9 




5 8  
. "" 
~ ~~ 
1 .9  x 
2.5 
3.8 
5 .0  
7 .6  
10.1 
1 5  
20 






3 .5  
6 . 1  








1 .6  
2.7 






































1/8 (0.317) Dia Max, 





I 6.00 (15.24) Ref 
0.775 
(1.968) 
0.100  (0.254) 
1 
Typ 0.6875 Dia 
(1.746)  L0.025 (0.635) R Max 
All diameters to be concentric with end centers within 0.001 TIR 
32J finish except as noted pF finish to extend approx 0.10 inch along f i l le t  
Break al I corners 0.005 to 0.010 R 
Dimensions in inches (centimeters) 
Figure 1: DIMENSIONED SPECIMEN DRAWING 











Fi& 3: MICROSTRAIN TEST APPARATUS  ASSEMBLY DRAWING 
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-------- - - -- -
\ 
SPECIMEN 
Figure 5: EXTENSOMETER CUPS AND CLAMPS 




~----- -.~-----O--~ - --- -.-- --------------
- 1 
UPPER LAVA CUP 
I~:~ ,TRANSFORMER MOUNT 
Figure 6: EXTENSOMETER DIFFERENTIAL TRANSFORMERS 
--- -~ - ---- - I 
I 
Figure 7: EXTENSOMETER DAMPER AND INNER THERMAL SENSOR 
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MATCHING PAD AND 










Figure 10: MIDDLE THERMAL ENCLOSURE 
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EXTENSOMETER  SWITCH 
DIFFERENTIAL 
TRANSFORMERS 


















4 4 4 
I I I 








INTEGRATING AMPLlFl ER 
AMPLlFl ER 
r- I I 
THERMISTOR 
ADJUST (MIDDLE) 
POINT BRI DG E 
S ET 
' CARRIER SCR POWER 
AMPLlFl ER INTEGRATING AND HEATER AMPLIFIER 
AMPLIFIER - 








438 rnh 75 R 
< 112, 300 R 
Serial No. 6955 
~~ 
Serial No. 6954 
Serial No. 6951 
I 
- 
Serial No. 6958 
"""""I 
1 2 3 4 5  
0 0 
4 
84.0 rnh 12.7 R 
t 2,140 
Matching Pads Selector Switch 


























-3 330k  * 33k 
3.3k -
330 













Figure 14: PREAMPLIFIER AND CALIBRATOR CIRCUITRY 









I I 3 
Signal 
outputs 












F-2 == +lo0 p f/25 v - 12 v 
-10 v 
1-20; I +70 n l w  





Loaded 7.7 x 10 N/m2 for 5 Minutes 
Test Temperature 305'K 







I I I 1 I I I I 
0 2 4 6 8 10 12 14 16 
TIME AFTER LOAD RELEASE (MINUTES) 
I 









Loaded  7.6 x 10 7 N/rn2 for 5 Minutes 
Test Temperature 305'K 
Asymptote t 
Nonredoverable 
f Strain I 
TIME AFTER LOAD RELEASE (MINUTES) 




C ER-VI T 1 01 
Loaded 7.6 x 10 N/m2 for 5 Minutes 







0 1 00 200 300 400 500 600 
TIME AFTER LOAD RELEASE (MINUTES) 
700 800 





C ER-VIT 10 1 
Loaded 7.6 x 10 N/m for 5 Minutes 2 
Test Temperature 305'K 
0.1 1 10 100 
TIME AFTER LOAD RELEASE (MINUTES) 
1000 










1 o - ~  
lo-* 
1 o - ~  
10-l0 
( 
SHEAR STRESS (1 06 N/m2) 
1 10 
SHEAR STRESS (KSI) 
Figure 21 : TYPICAL  SPECIMEN SHEAR STRAIN  DECAY CHARACTERISTICS 















SHEAR STRESS (lo6 N/mZ) 
1 2 5 10 20 50 100 200 
I I I I I I I I 
X 
0 Specimen 3 (alternate loading) 
@ Specimen 2 (single load) 
X Specimen 2 Subsequent Loads 
(Unidirectional in opposite direction) 
Specimens Annealed at 1 170°K X 
Test Temperature 305OK 





SHEAR STRESS (KSI) 
(a) 304L CORROSION RESISTANT STEEL 
Figure 22: NONRECOVERABLE SHEAR  STRAIN  AS A FUNCTION OF APPLIED  STRESS 
FOR  HEAT-TREATED SPECIMENS 
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SHEAR STRESS (106 N / m q  
1 2 5 10 20 50 100 200 
1 o-6 










1 o - ~  
1 o-I0  
0.1 1 10 
SHEAR STRESS (KSI) 
(b) CER-VIT 101 
















SHEAR STRESS (106 N/rn2) 
1 2 5 10 20 50 100 
I I I I I I I 
0 Specimen 9 
x Specimen 10-2 
A Specimen 10-3 (Single Point) 
Heat Treatment - 810°K 
for 1 Hour 
Loading Time - 5 Minutes 
Test Temperature 305OK 
Data Points are Power 
Law Corrected 
A 
1.1 1 10 
SHEAR STRESS (KSI) 
(c) 7940 SILICA 
Figure 22 (Continued) 
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1 o-6 
1 o - ~  
Z 






1 o - ~  
10-l0 
( 
SHEAR STRESS (106 N/mq 
1 2 5 10 20 50 100 200 
I I I I I I I I 
6 
' A  .I A 
0,XSpecimen 12-2 
ASpecimen 12-3 
Heat Treatment - 81 O0K 
for 1 Hour 
Loading Time - 5 Minutes 
/ Test Temperature 305'K Data Points Power Law Corrected 
1 1 10 
SHEAR STRESS (KSI) 
~" 
(d) ULE SILICA 
Figure 22 (Concluded) 
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1 o-6 


















1 o - ~  
10- 
SHEAR STRESS (106 N / m q  
1 2 5 10 20 50 100 200 
X Specimen 10-1 
A Specimen 8 
0 Specimen 1 
Loading Ti me - 5 Minutes 
Test Temperature 305OK 
Note: Power Law Correction 
Not  Applied 
I I 
1 1 10 
SHEAR  STRESS (KSI) 
(a) 7940 SILICA 
Figure 23: NONRECOVERABLE SHEAR STRAIN AS A FUNCTION OF APPLIED 
STRESS FOR AS-MACHINED SPECIMENS 
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SHEAR STRAIN (lo6 N/m2) 
1 2 5 10 20 50 100 200 
.1 
A 
X Specimen 12-1 
0 Specimen 13 
Loading  Time - 5 Minutes 
Test Temperature 305OK 
Note: Power  Law Correction 
Not  Applied 
1 10 
SHEAR STRESS (KSI) 
(b) ULE SILICA 




SHEAR STRESS ( lo6 N/mq 
2 5 10 20 50 100 200 
1 I r- 7" I I 1 
Beryllium HPI-40A 
304-L Steel Heat Treated 
CER-VIT C-101 
ULE 7971 Heat Treated 
7940 Silica  Heat Treated 
I 1 1 I I l l l l  1 1 I I I l l l l  I 1 I I I 1 1 1  
0.1 ' SHEAR STRESS (KSI) 
Figure 24: TESTED MATERIALS COMPARISON  OF NONRECOVERABLE SHEAR STRAIN 
10 100 
AS A FUNCTION OF APPLIED SHEAR  STRESS 
NASA-Langley, 1969 - 14 CR-1257 71 
